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REMARKS 

Pursuant to the requirements of 37 C.F.R. §§ 1.821-1.825, Applicants submit 
the enclosed Sequence Listing and computer readable form (CRF). The amino acid 
sequences disclosed in the specification may be found in computer readable form in file 
040164.TXT on the enclosed diskette and are presented in the paper copy of the Sequence 
Listing, also enclosed. 

Applicants hereby certify that the information recorded in computer readable 
form (CFR) supplied on the enclosed diskette as file 040164.TXT is identical to the written 
Sequence Listing. The material presented in computer readable form is not new matter 
because it presents sequences the same as those disclosed in the specification, as filed. 

The Commissioner for Patents is hereby authorized to charge any fees which may 
be required to Deposit Account No. 23-0650. 



Applications Containing Nucleotide Sequence and/or Amino Acid Sequence Disclosures" 
also is enclosed. 

Applicants believe that the requirements of 37 C.F.R. §§ 1.821-L825 have 

been met. 



The required copy of the "Notice to Comply with Requirements for Patent 
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700 Koppers Building 
436 Seventh Avenue 



Pittsburgh, PA 15219-1818 
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Application No. 10/780,905 
Amendment dated September 30, 2005 
Response to Office Action dated March 31, 2005 
Attomey Docket No. 4303-040164 

REMARKS 

The Office Action of March 31, 2005 has been reviewed and the Examiner's 
comments carefully considered. Claims 1-5, 15, 20-29 and 40, 41, 45-59 are currently 
pending in this application. Claims 6-14, and 30-38 are withdrawn from further prosecution 
in this application pursuant to a restriction requirement in which pending claims 1-5, 15-29 
and 39-49 were elected for examination. Claims 16-19, 39 and 42-44 have been cancelled, 
and claims 1, 2, 4, 15, 23-26, 28, 40-41 and 48-49 have been amended, solely to promote 
prosecution, without prejudice or disclaimer of any previously claimed subject matter. 
Applicants reserve the right to file one or more continuation applications directed to the 
previously claimed subject matter or other subject matter disclosed in the specification. New 
claims 50-59 have been added. Support for the language "reduce tumor volume" contained 
in claim 1 can be found in paragraph 77 of the specification. Support for the language 
contained in new claims 51-59 can be found in claim 15 and in paragraph 24 of the 
specification. In view of the following Amendment, Applicants believe that all the asserted 
rejections are in condition for withdrawal and all of pending claims 1-5, 15, 20-29 and 39-49 
are in condition for allowance. 

The disclosure is objected to for failing to comply with the requirements of 37 
C.F.R. § 1.821 et seq. regarding sequence disclosures encompassed by the definitions for 
nucleotide and/or amino acid sequences. Accordingly, Applicants have submitted 
concurrently herewith a computer readable form (C.R.F) copy of the Sequence Listing, a 
paper copy of the Sequence Listing and a Sequence Amendment containing the required 
statements as required in the '"Notice to Comply with Requirements for Patent Applications 
Containing Nucleotide Sequence and/or Amino Acid Sequence Disclosures." 

Claims 4 and 28 stand rejected under 35 § U.S.C. 112, second paragraph, for 
purported indefiniteness. The Examiner asserts that the phrase "R refers to analogue 
substitutions" is vague and indefinite. Solely to promote prosecution, and without prejudice, 
this phrase has been deleted from claims 4 and 28. 

Claims 1-5, 15-29 and 39-49 stand rejected under 35 U.S.C. § 103(a) for 
purported obviousness over Nickoloff et al. (U.S. 2002/0151487) (hereinafter "NickolofP') in 
view of Shearman et al. (Biochemistry, 2000). The Examiner asserts that Nickoloff teaches a 
method of treating tumors or proliferative disorders and/or inhibiting angiogenesis associated 
with tumors, proliferative disorders or inflammatory disorders by administrating at least one 
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secretase inhibitor to an animal or human. Additionally, the Examiner asserts that 
compounds which inhibit proliferation of skin cells, as taught by Nickoloff, intrinsically read 
upon inhibiting angiogenesis in such skin cancer cells. The Examiner further asserts that, 
although Nickoloff does not teach the use of L-685,458, Shearman et al. teach that L-685,458 
is a Y-secretase inhibitor. 

Claim 1 as amended is directed to a method of treating a tumor in an animal or 
hirnian in need of such treatment by inhibiting angiogenesis, comprising administering to the 
animal or human a therapeutically effective amount of a composition comprising a carrier 
and at least one secretase inhibitor effective to inhibit angiogenesis in said animal or human. 
Claim 25 as amended is directed to a method of inhibiting angiogenesis and reducing tumor 
volume in an animal or human in need of such inhibition, comprising administering to the 
animal or hxmian an effective amount of a composition comprising a carrier and at least one 
secretase inhibitor. 

There is no disclosure or suggestion in Nickoloff, either alone or in 
combination with Shearman et al., to administer a secretase inhibitor in an effective amount 
to inhibit angiogenesis, as recited in the claims. There is further no suggestion in Nickeloff, 
alone or in combination with Shearman et al., of the specific embodiments claimed in new 
claims 50-58, which are directed to the treatment of a human brain adenocarcinoma tvimor, a 
human lung adenocarcinoma tumor, a human glioblastoma tumor, a human malignant breast 
tumor, a human malignant colon tumor, a human malignant kidney tumor, a human malignant 
bladder txmior, or a human malignant head or neck tumor, by administering a secretase 
inhibitor in an effective amount to inhibit angiogenesis. 

There is no suggestion in, or motivation from, the teachings of Nickoloff that 
would have led one of ordinary skill in the art to administer a secretase inhibitor to inhibit 
angiogenesis or to directly affect tumor volume. Rather, Nickoloff teaches away from the 
claimed methods. 

Nickoloff is directed to methods for treating skin disorders. Nickoloff states at 
paragraph 0010 that the invention provides "a method of inducing differentiation of an 
epithelial cell" and "a method for inducing formation of a barrier within epithelium", by 
administering a Notch agonist. Nickoloff further states that a Notch antagonist or agonist can 
be "provided to at least one malignant or pre-malignant epithelial cell such that the Notch 
pathway is activated or attenuated in the cell to retard its progression toward malignancy" 
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(paragraph 0010 of Nickoloff). Nickoloff provides a speculative list of a wide range of 
different categories of Notch agonists and antagonists that might be useful (see e.g., 
paragraphs 0016-0022). Example 9 of Nickoloff discloses that a gamma secretase inhibitor 
reduced the invasive behavior of melanoma cells in an in vitro assay, but this assay was 
limited to observing a reduction in the aggressive movement of melanoma cells through a gel 
filter, and there was no demonstration of inhibition of tumor growth or anti-angiogenesis. 
One skilled in the art and considering Nickoloff would not have been motivated to practice 
the claimed methods of use of secretase inhibitors to inhibit angiogenesis. 

Nickoloff suggests that Notch agonists can be used for the treatment of skin 
cancers. From this disclosure, however, there is no suggestion of the specific discovery by 
the Applicants that secretase inhibitors can be used to inhibit angiogenesis. Activity of a 
compound as an anti-cancer agent does not necessarily mean that it is anti-angiogenic. Some 
agents shown to exhibit a beneficial effect as anti-tumoral agents in model systems are in fact 
pro-angiogenic. (See Secchiero et al.. Neoplasia, 2004, 6(4):364-73, attached as Exhibit A). 
As described in Secchiero et aL, tumor necrosis factor-related apoptosis-inducing ligand 
(TRAIL)/ Apo-2L is a potential anti-cancer therapeutic agent for its ability to induce apoptosis 
in a variety of cancer cells, but also may play a role in promoting angiogenesis. 

The Examiner's attention is also drawn to Leong et al.. Molecular and Cellular 
Biology, 2002, p. 2830-2841 (attached as Exhibit B) which states that activation of human 
Notch 4, which is expressed primarily on endothelial cells, inhibited angiogenesis. Nickoloff 
states in paragraphs 0017 and 0021 that a y-secretase inhibitor can be used as a Notch 
antagonist. Furthermore, Zimrin et al. (WO 97/45143; p. 42, lines 3-9; attached herewith as 
Exhibit C) found that activating Notch signaling in microvessels inhibited cell migration (an 
essential component of angiogenesis) whereas the opposite was true in endothelia from large 
vessels. As microvessels are the vessels involved with neoangiogenesis associated with 
tumor growth and metastasis, a skilled person in the field of oncology would have predicted 
and expected that inhibition of Notch activity with a gamma secretase inhibitor would 
increase angiogenesis and thus enhance tumor growth. The present invention inheres in the 
exact opposite unexpected and surprising finding, namely, that ganuna secretase inhibitors 
(which would be expected to specifically inhibit Notch activity) substantially decrease 
angiogenesis. 
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Therefore, y-secretase inhibition of Notch signaling does not "intrinsically 
read upon inhibiting angiogenesis." Moreover, and more importantly, it is known that one 
does not have to inhibit Notch activity to inhibit angiogenesis. For example, the gamma 
secretase inhibitor, JLK-6, has a mode of action that is completely independent of Notch 
activity. Thus, the mechanism by which gamma secretase inhibitors inhibit angiogenesis may 
not be via inhibition of Notch signaling in endothelial cells at all but due to some other, as yet 
imidentified, mechanism. 

Thus, a skilled artisan, in view of Nickoloff, and knowledge in the art, would 
not expect that a Notch agonist or a y-secretase inhibitor would inhibit angiogenesis. In fact. 
Applicants state in paragraph 0063 of the present application that the anti-angiogenic activity 
of y-secreteise inhibitors appears to be independent of Notch cleavage. The present disclosure 
that y-secretase inhibitors inhibit angiogenesis is therefore an unexpected and surprising 
finding. 

Nickoloff provides only a single example of using a y-secretase inhibitor, 
namely, to inhibit migration of tumor cells in vitro (Example 9). Nowhere in the example is 
there a teaching to use a y-secretase inhibitor to directly treat cancer. In particular, Nickoloff 
does not disclose that y-secretase inhibitors are anti-proliferative with regard to tumor cells in 
culture, or that y-secretase inhibitors reduce tumor size in vivo, or that y-secretase inhibitors 
are cytotoxic to tumor cells in culture or in vivo, or that y-secretase inhibitors interfere with 
differentiation of tumor cells and cell cycling, or that y-secretase inhibitors can reduce tumor 
volume and thus have a direct effect on tumor size. In short, Nickoloff merely discloses that 
the migration of one type of tumor cell line in vitro is inhibited by one y-secretase inhibitor. 
Therefore, the most that one skilled in the art can learn from the teaching of Nickoloff is that 
a y-secretase inhibitor can interfere with cell migration and thus potentially reduce metastEisis 
of a tumor. Thus Nickoloff s teaching differs from the teaching of the present invention with 
regard to tumors in that the present invention inheres in the surprising finding that in vivo 
y-secretase inhibitors inhibit tumor growth and reduce tumor volume in vivo as well as impair 
angiogenesis in vitro and in vivo. 

Moreover, treatments for preventing or retarding progression of skin cancer do 
not generally rely on anti-angiogenic effects, but tend to rely on the destruction of tissue, for 
example, using electrical current, lasers, and physical removal of the tissue. From the 
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disclosure in NickolofF of methods of treatment of skin disorders, such as skin cancers, with 
Notch agonists and Notch antagonists alone or in combination with Shearman's disclosure, 
the skilled artisan would not have been led to practice the claimed methods of inhibiting 
angiogenesis using a secretase inhibitor. 



suggest the unexpected and surprising finding disclosed by the Applicant that a y-secretase 
inhibitor can be administered to an animal or human in an effective amount to inhibit 
angiogenesis, and to treat a tumor. In particular, there is no suggestion of the treatment of a 
human brain adenocarcinoma tumor, a human lung adenocarcinoma tumor, a human 
glioblastoma tumor, a human malignant breast tumor, a human malignant colon tumor, a 
human malignant kidney tumor, a human malignant bladder tumor, or a human malignant 
head or neck tumor, by administering a secretase inhibitor in an effective amount to inhibit 
angiogenesis, as claimed in claims 50-58. 



inherently, alone or in combination with Shearman et al., the unexpected and surprising 
finding of the present invention, which is that animals or humans afflicted with tumors can be 
treated successfully with y-secretase inhibitors to reduce tumor volume, inhibit tumor growth 
and inhibit angiogenesis. In view of the above amendments and remarks, reconsideration of 
the rejections and allowance of claims 1-5, 20-29, 40-41 and 45-59 are respectfully requested. 



Nickoloff alone or in combination with Shearman et al. does not teach nor 



Applicants therefore respectfully request that this rejection be withdrawn. 



Conclusion 



In conclusion, Nickoloff neither teaches nor suggests, either expressly or 



Respectfully submitted. 



THE WEBB LAW FIRM 



By. 
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700 Koppers Building 
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Facsimile: 412-471-4094 
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Evidence for a Proangiogenic Activity of TNF-Reiated 
Apoptosis-lnducing Ligand^ 

Paola Secchiero*, Arianna Gonelir, Edvige Carnevale\ Federica Corall'tni*, Clara Rizzardfi, 
Serena Zacchigna\ Mauro Melato^ and Giorgio Zauli^ 

*Human Anatomy Section, Department of Morphology and Embryology, University of Ferrara, Via Fossato di 
Mortara 66, Ferrara 44100, Italy; ^Department of Normal Human Morphology, University of Trieste, Via Manzoni 
16, Trieste 34138, Italy; *Unit of Pathology, University of Trieste, Via Stuparich 1, Trieste 34125, Italy 



Abstract 

Starting from the observation that tumor necrosis 
factor- related apoptosis-inducing ligand (TRAIL)/ 
Apo-2L protein is expressed in both malignant and 
inflammatory cells in some highly vascularized soft 
tissue sarcomas, the angiogenic potential of TRAIL 
was investigated in a series of in vitro assays. Re- 
combinant soluble TRAIL Induced endothelial ceil 
migration and vessel tube formation to a degree 
comparable to vascular endothelial growth factor 
(VEGF), one of the best-characterized angiogenic 
factors. However, the proangiogenic activity of TRAIL 
was not mediated by endogenous expression of VEGF. 
Although TRAIL potentiated VEGF-induced extracellu- 
lar signal-regulated kinase (ERK) phosphorylation 
and endothelial cell proliferation, the combination of 
TRAIL + VEGF did not show additive effects with 
respect to VEGF alone in Inducing vessel tube 
formation. Thus, although TRAIL has gained attention 
as a potential anticancer therapeutic for its ability to 
induce apoptosis in a variety of cancer cells, our 
present data suggest that TRAIL might also play an 
unexpected role In promoting angiogenesis, which 
might have therapeutic implications. 
Neoplasia (2004) 6, 364-373 

Keywords: THAIL. VEGF. signal transduction, angiogenesis, endothelial oeSs. 



Introduction 

Tumor necrosis factor- related apoptosis-inducing ligand 
(TRAiL)/Apo-2L is a member of the TNF family of cytolcines, 
which is broadly expressed at the mRNA level in many 
normal tissues and tumor cell lines [1]. TRAIL is a type II 
membrane protein, which can be proteolytically cleaved by 
cysteine proteases to a soluble form [2] as previously shown 
also for TNF-a and CD95 (Apo-1/Fas) ligand. The unique 
feature of TRAIL, compared to other members of the TNF 
family, is its ability to induce apoptosis in a variety of 
malignant cells both in vitro and in vivo, displaying minimal 
or absent toxicity on normal cells and tissues [3,4J. 

TRAIL interacts with four high-affinity transmembrane 
receptors belonging to the apoptosis-inducing TNF-R 



family. TRAIL-R1 (DR4) and TRAIL-R2 (DR5) transduce apo- 
ptotic signals on binding of TRAIL, whereas TRAIL-R3 (DcRI) 
and TRAIL-R4 (DcR2) are homologous to DR4 and DR5 in their 
cysteine-rich extracellular domain, but lack intracellular death 
domain and apoptosis-inducing capability and have been pro- 
posed to function as decoy receptors, protecting normal cells, 
including endothelial cells, from apoptosis [5,6]. Although little 
is known about possible nonapoptotic effects induced by 
TRAIL, it has been shown that endothelial cells express all 
TRAIL-Rs [6-8], whereas TRAIL protein is expressed in the 
medial smooth cell layer of the aorta and pulmonary artery [9]. 
Whereas cleavage of Fas ligand from the cell surface requires 
the action of zinc-dependent metalloproteases, generation of 
soluble TRAIL involves the action of cysteine proteases [2]. 
Notably, the vessel wall is a rich source of cysteine proteases 
[10], which suggests that the TRAILn"RAiL-R system likely 
plays a physiological role in vascular biology. In this respect, we 
have recently demonstrated that addition of TRAIL to human 
umbilical vein endothelial cells induces the rapid phosphoryla- 
tion and activation of extracellular signal- regulated kinase 
(ERK) and Akt [7,8]. Because these intracellular pathways 
are known to be involved in endothelial cell survival, prolifera- 
tion, and migration [11,12], in this study, we have investigated 
whether TRAIL induced angiogenesis by using various in vitro 
assays. Taking into consideration that several recent studies 
have confirmed the hypothesis that tumor growth. In general, is 
dependent on angiogenesis [13.14], we have also analyzed the 
expression of TRAIL protein in soft tissue sarcomas because 
these tumors are often highly vascularized [15]. 



Materials and Methods 

Reagents and Cells 

Recombinant histidine6-tagged TRAIL was produced in 
bacteria and purified by chromatography on Ni^"^ affinity resin, 

Address aO correspondence to: Giorgio Zaufi. MO. PhD. Department of Normal Human 
Morphology. University of Trieste. Via Manzoni 16. Trieste 34138, Italy. E-mali: 2auSe^inits.tt 
^This research was supported by AIRC and RRB grants. 
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as described [7]. The concentration of TRAIL used in most 
assays (10 ng/ml) was detennined in preliminary dose- 
response (0.1-1000 ng/ml) experiments. For neutralization 
experiments, TRAIL was preincubated with TRAIL-RI-Fc 
and/or TRAIL-R2-Fc chimeras, according to the supplier's 
instructions (R&D, Minneapolis, Ml). Vascular endothelial 
growth factor (VEGF; Peprotec, London, UK), was used at 
the final concentration of 10 ng/ml. Polymyxin B (Calbio- 
chem. La Jolla, CA), was used at the final concentration of 
10 pjg/ml. A pharmacological inhibitor of the ERK pathway 
(PD98059; final concentration: 1 0 pA/l) was from Calbtochem. 

Primary human umbilical vein endothelial cells (HUVECs) 
were obtained as described previously [8] and were used 
between the third and sixth passages in vitro. Cells were 
grown on 0.2% gelatin-coated tissue culture plates in Ml 99 
endothelial growth medium (BioWhittaker, Walkersville, MD) 
supplemented with 20% fetal bovine serum (FBS), 10 jig/ml 
heparin, and 50 p^g/ml Endothelial Cell Growth Factor (ECGF) 
(Sigma, St. Louis, MO). 

Neopiastic Sampies and Immunohistochemistry 

Formalin-fixed and paraffin-embedded tissues of human 
sarcomas were obtained from 10 surgically treated patients. 
The tumors consisted of five liposarcomas, two leiomyosar- 
comas, one rtiabdomyosarcoma, one angiosarcoma, and 
one Kaposi's sarcoma. Immunohistochemical study was 
performed on 4 [xm sections using a streptavidin-biotin 
complex immunoperoxidase technique with a polyclonal 
anti -TRAIL antibody (Ab; clone H-257; Santa Cruz Biotech- 
nology, Santa Cruz, CA). Isotype-matched irrelevant anti- 
bodies, used as negative control, gave absence of 
background. For the evaluation of tumor vascularization, 
sections were stained with Ab anti-CD31 (clone JC/70A; 
BioGenex, San Ramon, CA) and angiogenesis was quanti- 
fied by assessment of microvessel density using previously 
described techniques [16,17]. Briefly, the number of vessel 
was counted throughout the entire core specimen in serial 
sections. Consecutive per x20 high-power fields were ex- 
amined, a median count per field was calculated, and a 
simple high-density/low-density score was used. Microves- 
sel density was analyzed blinded toward the result of the 
TRAIL staining. 

Ceil Migration and Ceil Invasion Assays 

Cell migration was analyzed using a modified Boyden 
chamber assay, as described previously [18], by using 
24-well plates with Inserts containing 8 pin pore size gelati- 
nized polycarbonate membranes separating the two cham- 
bers of each well (Trans well; Costar, New York, NY). 

Cell invsision was investigated by using the Chemicon 
Cell Invasion Assay kit (Chemicon International, Temecuia, 
CA) according to the manufacturer's instruction. This assay 
is performed in an invasion chamber, a 24-welI tissue culture 
plate with cell culture inserts containing an 8-pLm pore size 
polycarbonate membrane, over which a thin layer of extra- 
cellular matrix (ECM) is dried. 

For the assays, exponentially growing cells were harvest- 
ed with trypsin, centrifuged. resuspended at 0.5 x 1 0® cells/ml 
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in migration buffer [M199 medium, 10 mM HEPES, pH 7.4, 
and 0.5% bovine serum albumin (BSA)], and placed in the 
upper compartment of the chambers. TRAIL or VEGF, used 
alone or in combination, was added in the lower chambers. 
After 4 hours (for the migration assay) or 48 hours (for the 
invasion assay) of incubation at 37 •'C, cells on the upper face 
of the membrane were scraped using a cotton swab and cells 
on the lower face were fixed and stained with Mayer's 
hematoxylin solution. The number of migrated cells on the 
lower face of the filters was counted in five fields under x 1 00 
magnification. Assays were done in triplicates. 

Tube Formation Assays 

in vitro formation of tubular structures was studied on 
BioCoat Matrigel tissue culture plates (BD Biosciences, Bed- 
ford, MA). Briefly, HUVECs were plated at 3.5 xio^ cells/ 
well in 24-well plates precoated with a solution of Matrigel 
basement membrane matrix, and left untreated or exposed 
to TRAIL or VEGF. After 48 hours of incubation at 37°C. the 
cell 3D organization was examined under an inverted photo- 
microscope and photographed (x40). Each treatment was 
performed in triplicate. 

In vitro angiogenesis was assessed as formation of 
capillary-like structures of HUVECs cocultured with matrix- 
producing cells that had been UV-irradiated before plating of 
primary HUVECs (TCS Biologicals, Buckingham, UK) [19]. 
Briefly, cultures were left untreated or stimulated with TRAIL 
or VEGF, used alone or in combination, at day 3. When 
indicated, PD98059 or the vehicle (0.25% DMSO), previous- 
ly diluted in medium, was added to the cultures 45 minutes 
before exposure to TRAIL or VEGF. Medium and treatments 
were replaced every 2 to 3 days. At day 1 2, the cells were 
fixed and HUVECs were stained using an anti-CD31 Ab 
(TCS Biologicals, Buckingham, UK), according to the instruc- 
tions provided with the kit. Images were captured and 
analyzed. In particular, to measure the formation of the 
capillary network, the number of connections between three 
or more capillary-like structures and the total length of tubes 
were quantified by image analysis at x40 magnification. 
Four-six different fields were analyzed per well. 

Western Blot Analysis 

For Western blots, HUVECs were plated in 10-cm dishes 
and grown at subconfluence before treatments. In order to 
minimize activation by serum. HUVECs were subject to 
partial fetal calf serum (FCS) reduction (to 0.5%) and com- 
plete growth factor withdrawal for 18 hours prior to the 
addition of TRAIL or VEGF, used alone or in combination. 
Cells were harvested in lysis buffer containing 1% Triton 
X-100, Pefablock (1 mM), aprotinin (10 jig/ml). pepstatin 
(1 jxg/ml), leupeptin ^^0^m\), NaF (10 mM). and Na3V04 
(1 mM). Protein determination was performed by Bradford 
assay (Bio-Rad, Richmond, CA). Equal amounts of protein 
(50 \iQ) for each sample were migrated in acrylamide 
gels and blotted onto nitrocellulose filters. Blotted filters 
were probed with antibodies for the phosphorylated ERK1/2 
and p38/MAPK (all from New England Biolaboratories, 
Beverly, MA). After incubation with peroxidase-conjugated 
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anti-rabbit or anti-mouse IgG (Sigma), specific reactions 
were revealed with the Enhanced Chemiluminescence 
(ECL) Western blotting detection reagent. Membranes were 
stripped by incubation in Re-Blot 1 x Ab stripping solution 
(Chemicon International) and reprobed for the respective 
total protein kinase content or p-actin (New England Biol- 
aboratories) for verifying loading evenness. 

Densitometric values, expressed in arbitrary units, were 
estimated by the ImageQuant software (Molecular Dynam- 
ics, Piscataway. NJ). Multiple film exposures were used to 
verify the linearity of the samples analyzed and avoid satu- 
ration of the film. 

pH]Thymidine Incorporation 

HUVECs were plated onto 96-well plates at a density of 
5x10^ cell/well. On the next day, the medium was changed 
to endothelial cell basal medium containing 0.5% FBS and 
0.1% BSA (starvation medium). The cells were then pre- 
treated with PD98059 for 1 hour and incubated with TRAIL or 
VEGF, used alone or in combination, for 30 hours. pHJthy- 
midine (1 p,Ci) was added to each well during the last 6 hours 
of Incubation. [^HJthymidine-labeled DNA was then mea- 
sured using a Beckman (Fullerton. CA) model LS8000IC 
liquid scintillation counter. 

Statistical Analysis 

Data were analyzed using the two-tailed, two-sample 
f-test (statistical analysis software; Minitab, State College, 
PA). Values of P< .05 were considered significant. 

Results 

TRAIL Is Expressed in Highly Vascularized Soft 
Tissue Sarcomas 

Having previously demonstrated that TRAIL activates 
intracellular signal transduction pathways [7,8], which have 
been involved in promoting angiogenesis [13,14], in the first 
group of experiments, we have investigated the expression 
of TRAIL in some cases of malignant mesenchymal tumors 
because these tumors are often highly vascularized [15,20]. 
As shown in Figure ^A, the cells of a low-grade gastric 
leiomyosarcoma stained negative for TRAIL and were poorly 
vascularized. However, the malignant neoplastic cells of a 
high-grade leiomyosarcoma showed a strong expression of 
TRAIL and were characterized by prominent neovascularity. 
To ascertain that TRAIL expression weis not confined to 
leiomyosarcomas, we have also analyzed TRAIL expression 
in some cases of angiogenetic liposarcomas (Figure 1 6). In 
these sarcomas, a clear-cut positivity for TRAIL was noticed 
in both malignant cells as well as in tumor-infiltrating lym- 
phocytes and plasma cells (Figure IS). Finally, a high 
expression of TRAIL was documented also in tumors char- 
acterized by tumultuous angiogenesis. such as malignant 
vascular sarcomas (Kaposi's sarcoma; Figure 1 C). 

TRAIL Promotes Endothelial Cell Migration and Invasion 

Because angiogenesis is a tightly regulated process, 
which involves the coordinated migration, differentiation. 



and morphogenetic organization of endothelial cells into 
new capillary structures [1 8], these aspects of angiogenesis 
were next examined in a series of in vitro assays. 

To test whether recombinant soluble TRAIL could affect 
endothelial cell motility, HUVECs were incubated in a mod- 
ified Boyden chamber with recombinant soluble TRAIL 
(10 ng/ml). For comparison, cells were treated also with 
VEGF (10 ng/ml), TRAIL significantly (P < .01) increased 
HUVEC migration (Figure 2A), The increase in the number of 
migrated cells detected with TRAIL (approximately two-fold) 
was similar to that observed in the presence of VEGF 
(2.5-fold). Interestingly, however, the simultaneous addition 
of optimal concentrations of TRAIL and VEGF did not show 
additive effects on endothelial cell migration (data not 
shown). 

To form new blood vessels, endothelial cells have to 
migrate and cross basement membranes. This invasive 
capacity of HUVECs in response to TRAIL was investigated 
by measuring the invasion of an ECM layer. Addition of 
recombinant TRAIL significantly (P< .01) increased HUVEC 
invasion through ECM (Figure 2S). Again, maximal stimula- 
tion, corresponding to a 1.5-fold increase in the number of 
migrated cells in response to TRAIL, was similar to that 
observed in response to VEGF. The specificity of these 
biological effects was confirmed by preincubation of TRAIL 
with TRAIL-R1 -Fc (Figure 2, A and B) or TRAIL-R2-Fc (data 
not shown) chimeric proteins, which completely (P < .01) 
abrogated the ability of TRAIL to promote cell migration and 
invasion (Figure 2, A and S), without exhibiting, by them- 
selves, any effect on endothelial cell migration or invasion 
(data not shown). These data demonstrate, for the first time, 
that TRAIL induces endothelial cell migration and invasion 
through the basement membrane. Importantly, the TRAIL 
concentration used in these assays was in the range 
reported to be present in the plasma of patients affected by 
hematological malignancies (1-10 ng/ml) [21]. 

TRAIL Induces Morphological Endothelial Differentiation 

To examine whether TRAIL induces morphogenetic 
changes resembling capillary-like structure tube formation, 
HUVECs were plated on 3D Matrigel plates. After 48 hours, 
untreated endothelial cultures showed both cells with small 
round shape (that remained isolated) and elongated shape, 
forming connections but an incomplete network of tubes 
(Figure 3A). However, cultures exposed to TRAIL (10 ng/ml) 
exhibited a distinct phenotype by assuming a more elongated 
shape, forming thin cords of inteconnecting cells (Figure 3A). 
Similar effects were also observed with VEGF (10 ng/ml) 
(Figure 3A). Morphometric quantitation of the vessel-like 
structures in the 3D cultures revealed that Fc-TRAIL-RI 
completely abrogated this response to TRAIL (Figure 3S). 
These data demonstrate that TRAIL, like VEGF, is able to 
mediate morphogenetic effects leading to differentiation into 
vascular structures, which represent an obligatory step for 
the sprouting of endothelial cells and tube formation. 

Because tubules formed in standard Matrigel assays are 
short and relatively homogeneous, the ability of TRAIL to 
induce angiogenesis was further investigated by using the 
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A H&E TRAIL CD31 




Figure 1 . Expression of TRAIL in human sarcomas. Sections of sarcontas were examined immunohistochemicaify by using an anti- TRAIL Ab. (A) Repres&itative 
sections of ieiomyosarcomas at low (LM 1) and high vascularity (LM 2) are shown. Stainings with anti-CD31 Ab to detect endothelial cells and vascular structures, 
and hematoxylin and eosin (H&E) are also shown. Original magnification, y.20. (B) Uposarcoma (panel a, H&E staining, x40) showing TRAIL expression in 
malignant neoplastic cells (arrowhead in panel b; ^40), tumor-infiltrating lymphocytes (panel c; ^40). and plasma cells (arrov^head in panel c; x lOO). (C) 
Kaposi's sarcoma shovnng diffuse expression of TRAIL Original magnification, x 40, 
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Figure 2. EffBCt of TRAIL on HUVEC migration and invasion. Cell migration (A) and cell invasion (B) assays were performed in 24'well Transwell plates, as 
described in Materials and Methods section. Endothelial cells were seeded in the upper compartments, whereas TRAIL or VEGF was added in the lower 
compartments. For neutralization experiments. TRAIL was preirK:ut>ated with TRAIL-R-Fc chimera. Cells migrated through the gelatinized membranes and ECM- 
coated membranes were counted after 4 hours (A) and 48 (B) hours, respectivefy. Data are expressed as the number of migrated cells in 10 Ngh-pov^r fields and 
are mean ± SO of results from four experiments each pertormed in triplicate, 'P < .01 compared to untreated cells. 



angtogenesis coculture assay, which appeared significantly 
heterogeneous, consisting of both short and long intercon- 
necting tubules that more closely resembled capillaries 
(Figure 4). In this assay, vessels develop where they are 
well protected (e.g., between layers of fibroblasts) and 
morphogenetic processes of tubule formation occur in 
HUVECs completely surrounded by stromal cells, as 
in vivo. The ability of fibroblasts to support tubule formation 
has been attributed to their capacity of producing consider- 
able quantities of collagen, fibronectin, and other matrix 
molecules [1 9]. 

To njle out the possibility that the angiogenic activity of 
TRAIL might be mediated by upregulation of endogenous 
VEGF, the production of VEGF released In the culture 
medium was analyzed by enzyme-linked immunosorbent 
assay (ELISA) in both untreated and TRAIL-treated cultures. 
In HUVECs, VEGF was not detected in the culture super- 
natants of both untreated and TRAIL-treated cultures ana- 
lyzed up to 72 hours (data not shown). In angtogenesis 
coculture assay, VEGF was endogenously produced, but 
the levels were similar in untreated (256 ± 36 pg/ml) and 
TRAIL-treated (240 ± 45 pg/ml) cultures. 

We next performed a quantitative analysis by calculating 
both the total length of tubes and the number of capillary 
connections per field in cocultures left untreated or exposed 
to VEGF, TRAIL, and combination of the two cytokines 
(10 ng/ml each). As shown in Figure 5, the basal formation 



of capillary-like structures was significantly (P < .01) in- 
creased after stimulation with either TRAIL or VEGF, and 
TRAIL-RI-Fc chimeric protein significantly (P< .01) inhibited 
TRAIL-induced total tube length and capillary connections. 
Moreover, preincubation of TRAIL with 5 jag/ml polymyxin B, 
which complexes and inactivates endotoxin, did not abrogate 
the angiogenetic activity of TRAIL, further indicating that 
these responses to TRAIL are specific. However, the simul- 
taneous addition of TRAIL + VEGF did not show any additive 
or synergistic effect, and it was not statistically different from 
VEGF alone (Figure 5). 

TRAiL Potentiates VEGF-induced ERK1/2 But Not p38/ 
MARK Phosphorylation 

The findings illustrated above suggest that TRAIL and 
VEGF might compete for the same intracellular signal trans- 
duction pathways. Therefore, in the next group of experi- 
ments, we have investigated the effect of TRAIL and VEGF, 
used alone or in combination, on mitogen-activated protein 
(MAP) kinase family members, which have been involved in 
different aspects of angiogenesis. Although ERK1 and ERK2 
are strongly activated on stimulation of cells with mitogens 
[11], p38/MAPK plays a complex role in angiogenesis by 
promoting cell migration and inhibiting endothelial cell sur- 
vival [21-24]. After exposure to either TRAIL or VEGF, 
induction of phospho-ERK1/2 was observed starting 
at 5 minutes of treatment (Figure 6iA). Remarkably, the 
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Figure 3. Effea of TRAIL on in vitro tube formation, HUVECs were seeded into 24 wells containing 3D Matrigel in the absence and presence of TRAIL ± TRAIL- 
R-Fc or VEGF. (A) Photographs (x40) were taken at 48 hours of cultures. Representative images of at least five experiments with similar results are shown, (B) 
rive to seven random fields were photographed and recorded, and tube length was quantified by measuring the total cell prof action length and individual tubular 
structure. Tubular length per field is reported as m^n ± SO. 'P < .01 compered to untreated cells. 



Untreated TRAIL VEGF 




Figure 4. Effect of TRAIL on the capillary-like network in a cocutture angiogenesis assay. Fonnab'on of capillary-like stnx:tures of HUVECs cultured with matrix- 
producing cell types was analyzed after 12 days of culture treatment as indicated. Representative example of the morphology endothelial structures was detected 
after staining with anti- CD31 Ab in the in vitro angiogenesis assay. Rare capillary structures were observed in the angiogenesis assay left untreated, whereas both 
TRAIL and VEGF induced a diffuse network of capillary structures. Ordinal magnification, x 70. 
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Figure 5. Lack of additive effect of TRAIL + VEGF on ttie capillary-like 
network in cocufture angiogenesis assay. Cultures treated as indicated were 
absented after 12 days and results were recorded for quantitative analysis of 
ttie total length of tubes per field and the numt)er of capillary connections per 
fiekJ, Data are expressed as mean ± SD of results from at least five 
experiments each performed in Aiplicate. *P < .01 compared to untreated 
cells. 



simultaneous addition of TRAIL + VEGF resulted in a pro- 
longed activation of ERK phosphorylation with respect to 
each cytokine used alone (Figure 6^). However, although 
TRAIL was unable to induce p38 phosphorylation. It de- 
creased somewhat the VEGF-induced phosphorylation of 
p38/MAPK (Figure 6S). Consistent with a key role of the ERK 
pathway in endothelial proliferation, thymidine incorporation 
assay showed that the combination of VEGF + TRAIL 
showed an additive effect (P < .01) with respect to VEGF 
or TRAIL used alone (Table 1). Preincubation with the cell- 
permeable PD098059 compound (20 ^lM), a commonly used 
Inhibitor of the ERK pathway, completely inhibited thymidine 
uptake induced by any cytokine combination (Table 1). 
clearly confirming that the activity of ERK is required for 
TRAIL- and VEGF-induced mitogenesis. 



Moreover, PD098059 treatment strongly suppressed the 
total tube length and number of tube interconnections in 
control, TRAIL-treated. and VEGF-treated cocultures (Fig- 
ure 7). underscoring the key role of ERK pathway In the 
whole process of tube formation evaluated In the angiogen- 
esis assay. 



Discussion 

The growth of mlcrovessels is an integral component of 
tissue remodeling during a variety of normal and patho- 
logical events, such as the female reproductive cycle, 
fetal development, wound healing, inflammation, diabetic 
retinopathy, and tumor progression [13,14]. The way in 
which vessels form is being intensively studied because 
this complex morphogenetic process is very important in 
medicine. Although a true understanding of the morpho- 
genetic processes involved in tubule formation is still 
lacking, all these angiogenic events are orchestrated by 
a network of extracellular factors, including several clas- 
ses of cytokines, ECM, and integrins, and by their 
cognate receptors. Several cytokines have been involved 
in angiogenesis and, in particular, in tumor-associated 
angiogenesis [13,14]. Besides its involvement in vascular 
development, VEGF has been demonstrated to play a 
key role in both physiologic and tumor angiogenesis in 
adult mammals [25]. 

It has also been shown in previous studies that some 
angiogenic regulators belong to the TNF family [26]. Ligands 
of this family trigger biological activities by binding and 
signaling through their corresponding receptors in the TNF 
receptor family. The majority of the TNF family members 
mediate host defense, inflammation, and immunological 
regulation, but some of these ligands also regulate endothe- 
lial cell functions [26]. For instance, it has been demonstrated 
that TNF-a modulates endothelial cell behavior; however, its 
effects are complex. TNF-a inhibits endothelial cell growth 
yet induces capillary tube formation in vitro [27,28]. It also 
can be antiangiogenic in the context of solid tumors, or 
angiogenic in corneal settings in vivo [27-29]. In a recent 
study, we have demonstrated that TRAIL functions as an 
anti-apoptotic factor for endothelial cells [7], and we have 
hypothesized that TRAIL may contribute to endothelial cell 
integrity by acting as a survival factor for newly formed blood 
vessels. 

In this study, we have demonstrated for the first time 
that TRAIL induces a proangiogenic phenotype in human 
endothelial cells. This phenotype includes both earty (in- 
crease in migration, invasion, and proliferation) and late 
(differentiation into vascular cords) angiogenic events. 
More importantly. TRAIL is angiogenic in a variety of 
in vitro and in vivo assays to a degree comparable to 
VEGF. However, the interplay between TRAIL and VEGF 
appears rather complex, with TRAIL unable to potentiate 
VEGF activity in most assays. In fact, TRAIL increased 
VEGF-induced ERK phosphorylation and HUVEC prolifer- 
ation; however. TRAIL did not potentiate VEGF-induced 
p38/MAPK phosphorylation or capillary formation in the 
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Rgure 6. Phosphorytation ofERKI/2 andp38/MAPK in response to TRAIL and VEGF. Quiescent HUVECs were stimulated with either TRAIL VEGF, or VEGF-h 
TRAIL for 0 to 180 minutes. Cell tysates v/ere analyzed for ERK1/2 (A) and p38/MAPK (B) activation by Western blot analysis of total and phosphorylated (P) 
proteins using specific antibodies. Protein bands were quantified by densitometry, and levels of P-ERK1/2 and P-p38 were calculated for each time point, after 
normaSzation to ERKl/2 and to p38/MAPK respectively. Unstimulated basal expression was set as unity. Results are representative of four separate experiments. 
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coculture assay. Of note, we have also demonstrated that 
a clear-cut expression of TRAIL was observed in highly 
vascularized soft tissue sarcomas. At the moment, we 
have analyzed a small number of sarcomas; experiments 
aimed to analyze a high number of tumors and a wide 
variety of tumors, with the aim to quantitatively evaluate 
potential correlations between microvessel density and the 
levels of TRAIL expression, are ongoing. 

Besides malignant sarcoma cells. TRAIL was expressed 
also by tumor-infiltrating lymphocytes and plasma cells. 
Similar findings were obtained by previous authors describ- 
ing that TRAIL was expressed by tumor-infiltrating lympho- 
cytes as well as by metastatic gastric cancer cells [30]. 
Although the most frequent hypothesis to explain the 
expression of TRAIL by cancer cells is a strategy of 
immune evasion by which TRAIL-positive malignant cells 
counterattack against activated T lymphocytes [30,31], our 
data suggest the alternative — not mutually exclusive — 
hypothesis that TRAIL expression by cancer cells, and, 
perhaps also by infiltrating lymphocytes, may play a key 
role in tumor angiogenesis. Consistent with this hypothesis, 
It has been shown that mouse BALB/c mammary adeno- 
carcinoma cells engineered to express human TRAIL on 
their membrane grow faster than the parental cell line in 
both syngeneic and allogeneic mice [32]. In this respect, it 
has been cleariy established that any significant increase 
in tumor mass must be preceded by an increase in the 
vascular supply to deliver nutrients and oxygen to the 
tumor. The ability of a tumor to induce angiogenesis 
represents an essential step for tumor growth beyond 2 to 
3 mm [13]. Consistent with a potentially important role of 
TRAIL in tumor angiogenesis not confined to soft tissue 
sarcomas, it has been demonstrated that all primary 
astrocytic brain tumors analyzed by immunohistochemis- 
try, including astrocytomas and glioblastomas, express 
TRAIL protein in vivo [33,34]. Similarly, TRAIL is 
expressed by a subset of lymphomas [35], malignant 
plasmocytoma cells [36], and ovarian carcinomas [37], in 
which TRAIL expression has been correlated to the 
degree of malignancy. Therefore, although recombinant 
TRAIL protein offers great promise as .a cancer therapeu- 
tic [38], our current demonstration that TRAIL exerts a 
potent proangiogenic effect adds a cautionary note to the 
prolonged treatment of cancer patients with pharmacolog- 
ical concentrations of recombinant TRAIL protein or 
TRAIL-expressing vectors. 



Table 1. Thymidine incorporation Assay in HUVEC Cultures. 
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Values are expressed as counts per minute (cpm) per well and are mean±SD 
of three separate experiments. 
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Figure 7. Role of ERK pathway in capillary-fike network formation in the 
cocutture angiogenesis assay. Cultures treated as indicated were observed 
after 12 days and results were recorded for quantitative analysis of the total 
length of tubes per field and the number of capillary connections per field. PD, 
PD98059. Data are expressed as mean ± SD of results from at least five 
experiments each performed in duplk:ate. 
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Notch4 is a member of the Notch family of transmembrane receptors that is expressed primarily on 
endothelial cells. Activation of Notch in various cell systems has been shown to regulate cell fate decisions. The 
sprouting of endothelial cells from raicrovessels, or angiogenesis, involves the modulation of the endothelial 
cell phenotype. Based on the function of other Notch family members and the expression pattern of Notch4, we 
postulated that Notch4 activation would modulate angiogenesis. Using an in vitro endothelial-sprouting assay, 
we show that expression of constitutively active Notch4 in human dermal microvascular endothelial cells 
(HMEC-1) inhibits endothelial sprouting. We also show that activated Notch4 inhibits vascular endothelial 
growth factor (VEGE) -induced angiogenesis in the chick chorioallantoic membrane in vivo. Activated Notch4 
does not inhibit HMEC-1 proliferation or migration through fibrinogen. However, migration through collagen 
is inhibited. Our data show that Notch4 cells exhibit increased pi-integrin-mediated adhesion to collagen. 
HMEC-1 expressing activated Notch4 do not have increased surface expression of pi-integrins. Rather, we 
demonstrate that Notch4-expressing cells display pl-integrin in an active, high-affinity conformation. Fur- 
thermore, usmg function-activating pi-integrin antibodies, we demonstrate that activation of pi-integrins is 
sufficient to inhibit VEGF-induced endothelial sprouting in vitro and angiogenesis in vivo. Our findings suggest 
that constitutive Notch4 activation in endothelial cells inhibits angiogenesis in part by promoting Bl-integrin- 
mediated adhesion to the underlying matrix. 



Angiogenesis, the formation of new blood vessels from ex- 
isting vessels, is a complex process requiring modulation of 
multiple endothelial cell functions (3, 30, 62). The formation of 
capiilaiy sprouts from the existing microvasculature occurs sec- 
ondary to an inciting stimulus that results in increased vascular 
permeability, accumulation of extravascular fibrin, and local 
proteolytic degradation of the basement membrane (20, 59). 
The endothelial cells overlying the disrupted region become 
activated, change shape, and extend elongated processes into 
the surrounding tissue (20, 59). Directed migration toward the 
angiogenic stimulus results in the formation of a column of 
endothelial cells (3, 30, 62). Just proximal to the migrating tip 
of the column is a region of proliferating cells (3, 30). These 
proliferating endothelial cells cause an increase in the length of 
the sprout. Proximal to the proliferative zone, the endothelial 
cells undergo another shape change, adhere tightly to each 
other, and begin to fonn a lumen (3, 30). Secondary sprouting 
from the migrating tip results in a capillary plexus, and the 
fusion of individual sprouts at their tips closes the loop and 
circulates blood into the vascularized area (3, 30, 62). Through- 
out this process the function and expression of various adhe- 
sion proteins, including those of the integrin family, are tightly 
regulated (5, 15). Several growth factors and cytokines are 
known to stimulate angiogenesis, the best-studied of which are 
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vascular endothelial growth factor (VEGF), and fibroblast 
growth factor 2 (FGF-2; basic FGF) (20, 60). 

During development, equipotential cells choose between al- 
ternative cell fates. Interactions between the Notch transmem- 
brane receptor and its various ligands on adjacent cells can 
determine cell fate (2, 51). Notch is also involved in signaling 
between heterotypic cells to modulate differentiation (2, 51). 
The importance of Notch in mammalian differentiation is high- 
lighted by several mutations responsible for human disease 
(22, 37, 48). Engagement of Notch by a ligand results in cleav- 
age of the receptor within or close to the plasma membrane, 
with subsequent translocation of the C-terminal intracellular 
domain (NotchIC) to the nucleus (64, 71). Because activation 
of Notch requires ligand-dependent cleavage of the intracellu- 
lar domain, enforced expression of NotchIC results in a con- 
stitutively active form of the receptor (29, 61). Enforced 
expression of the truncated intracellular domain of Notch pro- 
teins inhibits differentiation pathways in several models but is 
required for differentiation in other systems (6, 27, 41). 

Four mammalian Notch homologues have been identified to 
date (Notchl to -4) (47, 51, 74). Recently, the full-length form 
of Notch4 was cloned from mice and humans (47, 74). Notch4 
is evolutionarily distant from the other members of the Notch 
family (47). Distinct structural features of Notch4 include 
fewer epidermal growth factor-like repeats and an intracellular 
domain significantly shorter than those of other Notch mem- 
bers (74). Of interest to us is that Notch4 is primarily expressed 
on the endothelium and the endocardium (47, 68, 74). 

Given that Notch4 is primarily expressed on endothelial 
cells, we postulated that Notch4 may be involved in regulating 
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angiogenesis. To answer this question, we expressed the trun- 
cated, constitutively active intracellular domain of Notch4 
(Notch4IC) in endothelial cells. Our studies indicate that ac- 
tivated Notch4 inhibits the sprouting of human dermal micro- 
vascular endothelial cells (HMEC-1) in vitro and angiogenesis 
in the chick chorioallantoic membrane (CAM) in vivo. Acti- 
vated Notch4 does not inhibit proliferation of HMEC-1, nor 
does it inhibit their migration through fibrinogen toward 
angiogenic factors FGF-2 and VEGF. However, activated 
Notch4 does inhibit migration through collagen. We demon- 
strate that the decreased sprouting of Notch4IC cells from 
collagen-coated beads is due in part to enhanced pi-integrin- 
mediated adhesion to collagen. Although endothelial ceDs ex- 
pressing Notch4IC do not show increased surface expression of 
pi-integrins, we show that the pi-integrins are in a high-affin- 
ity, active conformation. We also show that activation of pl- 
integrins with function-activating pl-integrin monoclonal an- 
tibodies, independent of Notch4 expression, is sufficient to 
inhibit endothelial sprouting in vitro and angiogenesis in vivo. 
Thus, our results suggest that Notch4 activation in endothelial 
cells in vivo may inhibit angiogenesis in part by promoting 
pi-integrin-mediated adhesion to the underlying matrix. 

MATERIALS AND METHODS 

Cell culture. The PIMEC-l (referred to hereafter as HMEC) line (1) was 
provided by the Centers for Disease Control and Prevention (Atlanta, Ga.). 
HMEC lines were cultured in MCDB medium supplemented with 10% heat- 
inactivated fetal calf serum (FCS), 10 |i,g of epidermal growth factor/ml. and 100 
U each of penicUUn and streptomydnAnl. The avian retroviral packaging cell line 
Q2bn (gift from K. McNagny, University of British Columbia) was cultured in 
Dulbccco's modified Eagle's medium (DMEM) supplemented with 10% non- 
heat-inactivated FCS, 2.5% non-heat-inactivated chicken scrum, 60 p,g of conal- 
bumin/ml. 50 n.M ^-mercaptoethanoI, 2 mM glutamine, and 100 U each of 
penicillin and streptomycin/ml. All cells were mainUined at 3TC in 5% CO2. 

Gene transfer. HMEC-Notch4IC and HMEC-LNCX were constructed by 
retroviral transduction of cDNA encoding a C-terminal hemagglutinin (HA)- 
tagged human Notch4 (amino acids 1476 to 2003) or of the empty pLNCX vector 
control, respectively (47). The method of transduction has previously been de- 
scribed (39). Suble HMEC lines were obtained by seleaion in 300 |ig of G-418 
(Gibco)/ml. Polyclonal HMEC lines were used to avoid artifacts due to the 
retroviral integration site. Chicken retroviral expression vectors were constructed 
by inserting C-terminal HA- tagged human Notch4IC cDNA into the avian ret- 
roviral vector CK (gift from N. Boudreau, University of California, San Fran- 
cisco, and M. Bissell, Um'versity of California, Berkeley). Both CK-Notch4IC and 
the empty vector were transiently transfertcd into Q2bn cells with Fugcne 6 
transfection reagent (Boehringcr Mannheim) to generate producer lines. 

Immunoblotting and immunofluorescence. For immunoblotting, total cellular 
extracu were prepared from HMEC or Q2bn lines by lysing 10^ cells in a solution 
containing 50 mM Tris, 150 mM NaQ, 2% Triton X-100, 10 p-g of soybean 
trypsin inhibitor/imU and 200 jlM phcnylmcthylsulfonyl fluoride and were ana- 
lyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and immu- 
noblotting as previously described (19). 

For immunofiuoresoence, HMEC lines (5 X 10* cells) were cultured on cov- 
erslips for 48 h, fixed, and permeabilized in cold methanol for 5 min. Nonspecific 
binding was blocked by incubation with phosphate-buffered saline (PBS) con- 
taining 5% goat serum and 0.1% Twecn 20. Following incubation with a primary 
antibody (rabbit anti-HA polyclonal antibody; 1:100 diluUon) for 1 h and a 
secondary antibody (Texas red-conjugated goat anti-rabbit immunoglobulin G 
[IgGJ; 1:200 dilution) for 30 min, coverslips were mounted on glass slides with an 
antifading solution (FluoroGuard antifade reagent; Bio-Rad) containing 100 ng 
of Hoechst 33258 (Sigma)/m] to stain the nuclei. Immunofluorescence was ex- 
amined using an Axioplan 2 imaging microscope (2^iss), and images were cap- 
tured with a DVC-1310M digital camera (Digital Video Camera Company). 

Endolhelial-sproiiting assay. Endothelial sprouting was assessed by a modifi- 
cation of the method of Nehls and Drenckhahn (53). Briefly, mscrocarrier beads 
coated with gelatin (Cytodex 3; Sigma) or positively charged, cross-Unked dex- 
tran (Qrtodex 2; Sigma) were seeded with HMEC lines. When the cells reached 



confluence on the beads, equal numbers of HMEC-coated beads were embedded 
in fibrin gels in 96-wcll plates. For preparation of fibrin gels, bovine fibrinogen 
was dissolved in PBS at a concentration of 2.5 mg/ml. Aprotinin was added at a 
concentrau'on of 0.05 mg/ml, and the solution was filtered through a 0.22-MJn- 
pore-size filter. Fibrinogen solution was supplemented with FGF-2 (15 ng/ml) or 
VEGF (15 ng/ml). As a control, fibrinogen solution without angiogenic faaor 
was used. Following transfer of the fibrinogen solution to 96-well plates, HMEC- 
coated beads were added at a density of 50 beadsAvell, and clotting was induced 
by the addition of thrombin (1.2 U/ml). After clotting was complete, gels were 
equilibrated with MCDB-2% FCS at 3TC. Following 60 min of incubation, the 
overlying medium was changed for all wells. MCDB-2% FCS, either alone or 
containing FGF-2 (15 ng/ml) or VEGF (15 ng/ml), was added to the wells. After 
3 days of incubation with daily medium changes, the number of capillaiy-like 
tubes formed was quantitated by counu'ng the number of tube-Uke structures per 
microcarrier bead (sprouts per bead). Only sprouts greater than 150 jun in length 
and composed of at least ihiec endothelial cells were counted. 

For coaling Cytodex 2 beads with collagen, beads were resuspcnded in 1 mg of 
collagen type I/ml, allowed to dry overnight on petri dishes, and resuspcnded in 
PBS. For coating Cytodex 2 beads with antibodies (IgG2a, 1:1,000 dilution 
[Sigma]; 8A2, 1:1,000 dilution [gift from J. Harlan, University of Washington]; 
LM534, 1:1,000 dilution [Chcmicon]), beads were incubated with antibodies at 
37"C for 2 h, washed twice with PBS, and resuspcnded in PBS. After the 
antibody-coated beads were incubated with cells for 3 days, the beads were 
placed in fibrin gels supplemented with the appropriate antibody at 1:1,000 
dilution. 

CAM assay. Fertilized White Leghorn chicken {Callus gallus domesticus) eggs 
were incubated at 37*C under conditions of constant humidity. All chicken eggs 
were handled according to institutional animal care procedures. On embryonic 
day 6, the developing CAM was separated from the shell by opening a small 
circular window at the broad end of the egg above the air sac. The embryos were 
checked for normal development, the window was sealed with Parafilm, and the 
eggs were returned to the incubator for two more days. On day 8, transfeaed 
02bn cell lines were trypsinized and washed in PBS, and 3 X 10** cells resus- 
pended in 15 m.1 of DMEM supplemented with 30 ng of VEGF/ml were placed 
onto nylon meshes (pore size. 250 |un; Scfar America) on the CAM. The cells 
distribute throughout the mesh and secrete control virus or virus containing 
Notch4!C. Meshes treated with vehicle alone (15 |j.l of DMEM) were used as 
negative controls, whereas meshes treated with VEGF (30 ng/ml in 15 pJ of 
DMEM) were used as positive controls. Eggs were resealed and returned to the 
incubator. On day 12, images of the CAMs were captured digitally with an 
Olympus SZX9 stereomicroscope (Olympus America) equipped with a Spot RT 
digital imaging system (Diagnostic Instruments). Neovascularization was quan- 
titated for each CAM by counting the number of vessels that entered the mesh 
area and dividing by the perimeter of the mesh (vessels per millimeter). Northern 
EcUpse, version 6.0 (Empix Imaging, Inc.), was used for manual vessel counting 
and mesh perimeter measurements. Following photography, CAMs were har- 
vested and processed for further studies. 

For CAMs treated with anti-integrin antibodies, fertilized White Leghorn 
chicken eggs were prepared as described above. Mouse anti-avian pi-integrin 
antibodies TASC (9D11; function-activating pl-integrin antibody; gift of L. F. 
Reichardt, University of California, San Francisco), V2E9 (non-function-modi- 
fying 3 1-integrin antibody; Developmental Studies Hybridoma Bank, University 
of Iowa), and WIBIO (function-blocking 31-integrin antibody; Sigma) were 
prepared at 10 M-g/ml in PBS supplemented with 30 ng of VEGF/ml. On day 8, 
20 tiA of each anubody preparation was loaded onto 2-mm^ gelatin sponges 
(Gelfoam; Pharmacia Upjohn), which were then placed on the surface of the 
developing CAM. Sponges containing vehicle alone (20 fjJ of PBS) were used as 
negative controls, whereas sponges containing 20 p.1 of VEGF at 30 ng/ml in PBS 
were used as positive controls. CAMs were also treated with function-blocking 
mouse anti-human ofvp3 antibody LM609 (which cross-reacts with avian av^3 
integrin; Chemicon) prepared at 10 iig/ml in PBS containing 30 ng of VEGF/ml. 
LM609 has previously been shown to attenuate VEGF-induced angiogenesis in 
the CAM (23) and thus serves as a positive control for angiogenesis inhibition. 
Eggs were resealed and returned to the incubator. On day 10, digital images of 
the CAMs were captured and analyzed for neovascularization as described 
above. 

Immnnohistochemlstry. CAMs treated with transfected Q2bn cell lines were 
harvested from day 12 embryos and processed for histological analysis. For 
hematoxylin and eosin (H&E) staining, CAMs were fixed in formalin overnight 
at room temperature, dehydrated, and embedded in parafBn. Sections (6 jim 
thick) were cut and stained with H&E. For immunohistological analysis, CAMs 
were frozen in Tissue-Tek optimal cutting temperature compound (Somagen) 
and lO-fixn-thick sections were cut and fixed in acetone for 10 min. Sections were 
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hydxated and incubated in 1.5% hydrogen peroxide solution for 5 min to quench 
endogenous f>eroxide activity. Nonspecific binding was blocked by incubation in 
normal goat serum (1:20 dOulion) for 20 min. For von WiUcbrand factor (vWF) 
staining, scaions were incubated with a primary antibody (1:200 dilution; 
DAKO) and a biotinylated secondary antibody, followed by an avidin conjugate. 
For HA staining, sections were incubated with a primary antibody (mouse an- 
ti-HA monoclonal anUbody, 1:500 dilution) and a secondary antibody (biotinyl- 
ated goat anti-mouse IgG, 1:200 dilution), followed by peroxidase-conjugated 
streptavidin (DAKO). All sections were developed with a diaminobenzidine- 
hydrogen peroxide reaction (Sigma), counterstained with hematoxylin, dehy- 
drated, cleared, and mounted. CAM sections were examined with an Axioplan 2 
imaging microscope (Zeiss), and images were captured with a Coolpix 990 digital 
camera (Nikon). 

Proliferation assay. Proliferation of endothelial cells in response to angiogenic 
factors FGF-2 and VEGF was determined by two methods: (i) neutral red uptake 
and (ii) flow-cytometric analysis for total DNA content (DAPI [4',6'-diamidino- 
2-phenylindole]) and bromodeoxyuridine (BrdU) incorporation. For the neutral 
red assay (19, 49), confluent plates of HMEC lines were serum starved in 
MCDB^2% FCS for 48 h and cells were plated in 96-well plates at a density of 
5 X 10^ cells/well. After 4 h of incubation to aUow cells to bind, overlay medium 
was removed and the cells were treated with MCDB-2% FCS supplemented with 
FGF-2 (15 ng/ml) or VEGF (15 ng/knl). As a control, cells were treated with 
MCDB-2% FCS alone. Cells were incubated for 0, 24, 48, and 72 h with daily 
medium changes. After each time point, wells were emptied and incubated with 
100 fjJ of neutral red dye (0.0025% neutral red in MCDB~2% FCS). Empty wells 
were also incubated with neutral red dye for background absorbance correction. 
After 4 h of incubation, wells were aspirated and neutral red dye was solubilized 
with 100 )j.l of 1% acetic acid-50% ethanol per weU. Absorbance was determined 
at 570 nm. 

For the flow-cytometnc analysis of cell cycle distribution, HMEC lines were 
serum starved in MCI>B~2% FCS for 48 h and incubated for an additional 24 h 
in medium alone (MCDB-2% FCS) or medium supplemented with FGF-2 (15 
ngAnl) or VEGF (15 ng/ml). For the last 2 b of incubation, cells were incubated 
with 10 fi.M BrdU (Sigma) at 37*C Cells were harvested by trypsinization and 
fixed in 70% ethanol at 4*C for 30 min. After being washed in PBS, cells were 
incubated in 2 M HQ for 30 min to denature DNA, followed by neutralization 
in serum-free medium. Cells were blocked and permeabilized in 0.5% Triton 
X-100-4% calf serum and then incubated with an anti-BrdU fluorescein isothio- 
cyanate (H I C)-conjugaied antibody (Pharmingen) for 1 h. Washed cells were 
stained with 1 p.g of DAPI/ml in PBS containing 0.5% Triton X-100. Samples 
were run on an EPICS ELITE-ESP flow cytometcr (Bcckman Coulter), and data 
were analyzed with WinList, version 2.0, software (Verity Software House, Inc.). 

Migration assay. The ability of endothelial cells to migrate toward FGF-2 or 
VEGF was measured by a Transwell filter assay (Coming Costar), as previously 
described (13). Briefly, polycarbonate filters (S.O-^-m pores) of the upper cham- 
ber were coated with 50 |jJ of fibrinogen (2 J mg/ml) or collagen type 1(1 mg/ml) 
in PBS and allowed to dry overnight. Confluent plates of HMEC lines were 
tjypsinized, washed twice with 10 |Lg of soybean trypsin inhibitor/ml, and resus- 
pended in serum-free MCDB medium. HMEC (3.5 X 10^) were placed in the 
upper chamber, and MCDB medium supplemented with FGF-2 (15 ng/ml) or 
VEGF (15 ng/inl) was placed in the lower chamber. As a control, MCDB 
medium without an added chcmotactic factor was placed in the lower chamber. 
Following 16 h of incubation at filters were washed in PBS, fixed in 4% 

paraformaldehyde, and stained with 0.5% crystal violet. After adherent cells 
were removed from the upper side of the filter with a cotton swab, cells that had 
migrated and adhered to the underside of the filter were counted with an 
inverted microscope. 

Adhesion assay. High-binding 96-weU plates (Coming Costar) were coated 
with 100 mJ of the following matrix proteinsAvell at 20 )i.g/ml: fibrinogen, fi- 
bronectin, collagen type I, collagen type IV, and vitronectin. Control wells were 
coated with poly-L-lysine at 20 |i.g/ml. After incubation for 1 h at 37*C all wells 
were aspirated and blocked with 4% bovine serum albumin in PBS for 30 min at 
room temperature, followed by washing with PBS. Single-cell suspensions were 
prepared by washing confluent cells once with PBS-based enzyme-free cell dis- 
sodation buffer (Gibco) and incubating the cells in the same buffer for 20 min at 
37°C, as described previously (70). Following rcsuspension in a mixture of PBS- 
DMEM (4:1 {volA'ol]), lOO of the cell suspension at 6 X 10* cells/ml was added 
to each well and incubated at 37*C for 20 min. Plates were then gently washed 
with PBS, fixed in 4% paraformaldehyde, and stained with 0.5% crystal violet. 
Following solubilization of dye in 1% sodium dodecyl sulfate in PBS, absorbance 
was quantitated in an enzyme-linked immunosorbent assay plate reader at 570 
nm, with background absorbance subtracted at 630 nm. 

For adhesion modulation studies, HMEC lines were incubated with antibodies 



on ice for 20 min. Mouse IgG 2a (Sigma) was used at VSOO dilution; mouse 
monoclonal function-blocking anti-human pi-integrin antibody P4C10 was used 
at 1:100. 1:250, and 1:500 dilutions (Gibco) or at 2.5 ji.g/ml (Sigma);, mouse 
monoclonal function-blocking anti-human avp3-intcgrin antibody LM609 
(Chemicon) was used at 10 i^g/ml; and mouse monoclonal function-activating 
anti-human pi-integrin antibody 8A2 was used at 1 p.g/ml. For cells treated with 
both LM609 and P4C10, a concentration of 10 p,g/ml and a 1:100 dilution, 
respectively, were used. For adhesion studies using P4C10, cells were seeded into 
wells coated with collagen type I and/or collagen type IV. For adhesion studies 
using 8A2, cells were seeded into wells coated with collagen type I. 

Flow cytometry for integrin expression levels. HMEC lines were detached by 
incubation in PBS-based enzyme-free cell dissociation buffer for 20 min at 37*C. 
To reduce nonspecific binding, cells were incubated in PBS-10% hcat-inarti- 
vated iron-supplemented calf serum for 30 min at 37*0 Primary antibodies 
LM609 (10 M.g/ml; Chemicon). B44 (10 M-g/ml; gift from J. A. Wilkins, University 
of Manitoba), and K20 (10 jig/ml; AMAC, Inc.) were added to the cells, and the 
cells and antibodies were allowed to incubate at 37**C for 30 min. A mouse IgG2a 
antibody (10 (i.g/ml; Sigma) was used as a control. Cells were washed twice in 
cold PBS, and a secondary antibody (goat anti-mouse IgG-FITC, 1:64 dilution; 
Sigma) was added, and the cells and the antibody were allowed to incubate for 
an additional 60 min in the dark on ice. After cells were washed twice in cold 
PBS, they were fixed in 4% paraformaldehyde. Samples were run on an EPICS 
ELITE-ESP flow cytometer (Beckman Coulter), and data were analyzed with 
WinUst, version 2.0 (Verity Software House, Inc.). 

Ugand-binding assay. The binding of soluble collagen type I to HMEC-LNCX 
and HMEC-Notch4IC lines was examined. HMEC lines were detached by incu- 
bation in PBS-based enzyme-free cell dissociation buffer for 20 min at 3TC. Cells 
(5 X 10^) were incubated with FITC-conju gated collagen type I (16.9 molecules 
of FITC per molecule of collagen; Molecular Probes) in a volume of 100 jiJ at 0, 
0,1, 1, 10, 100, 500, and 1,000 jig/ml. After 10 min of binding at 37'C, cells were 
washed three times in 1 ml of PBS and fixed in 4% paraformaldehyde. Samples 
were ran on an EPICS ELITE-ESP flow cytometer (Beckman Coulter), and data 
were analyzed with WinList, version 2.0 (Verity Software House. Inc.). To de- 
termine the number of molecules of FITC-coIlagen type I bound per endothelial 
cell, a standard fluorescence curve was constracted by using Quantum 24 pre- 
mixed microbeads (Bangs Laboratories, Inc.). Taking the molecular mass of 
FITC and collagen type 1 to be 390 Da and 300 kDa, respectively, and given an 
FITC/coIlagen ratio of 16.9, a curve of bound collagen (molecules) versus con- 
centration (nanomolar) of FITC-collagen type I conjugate was generated. 

RESULTS 

Constitutively active Notch4 inhibits endothelial sprouting 
in vitro. Given the role of Notch in modulating cell fate 
decisions, we postulated that the endothelium-specific 
Notch4 would modulate endothelial sprouting. To address 
this issue, we generated HMEC lines that express a trun- 
cated intracellular form of human Notch4, Notch4IC, which 
is constitutively active. A previously described endotheiial- 
sprouting assay which mimics the formation of capillary-like 
tubes in fibrin gels in vitro was used to evaluate the role of 
Notch4 in angiogenesis (40, 53). Using this in vitro assay, we 
found that activated Notch4 blocked spontaneous endothe- 
lial sprout formation on gelatin-coated beads, as well as 
sprouting in response to FGF-2 and VEGF (Fig. lA and B). 
Moreover, the sprouts that formed from Notch4IC-expressing 
cell lines were noted to be shorter than those derived from cells 
trainsduced with the empty vector. Figure IC shows the expres- 
sion of Notch4IC protein in HMEC-Notch4IC as determined 
by immunoblotting. Expression of the Notch4IC construct in 
HMEC was also analyzed by immunofluorescence. We typi- 
cally achieve transduction efficiencies between 50 and 80%. As 
expected with polyclonal cell lines, HMEC-Notch4IC display 
heterogeneity in staining for the Notch4IC protein (Fig. ID), 
The majority of the Notch4IC protein localizes to the nuclei of 
HMEC-Notch4IC, which is typical of constitutively active 
Notch proteins (24). 
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FIG. 1. Notch4 inhibits endothelial sprouting from gelatin-coated 
microcarrier beads in vitro. (A) Gelatin-coated microcarrier beads 
were seeded with HMEC-LNCX or HMEC-Notch4IC. When cells 
reached confluence on the beads, equal numbers of beads were em- 
bedded in fibrin gels supplemented with either FGF-2 (15 ng/ml) or 
VEGF (15 ng/ml). Bars, 100 \im. Arrows, endothelial sprouts of suf- 
ficient length to be counted. (B) Endothelial sprout formation quan- 
titated after 3 days of incubation by counting the number of tube-like 
structures per microcarrier bead (sprouts per bead). Data are the 
means ± standard deviations from a single experiment done in tripli- 
cate and are representative of at least three independent experiments. 

(C) Expression of HA-tagged Notch4IC in HMEC lines by inmiuno- 
blotting total ceUular extracts with the anti-HA monoclonal antibody. 

(D) Immunofluorescence of HMEC-LNCX and HMEC-Notch4IC 
stained with Hoechst 33258, as well as an anti-HA primary antibody 
and a Texas red-conjugated secondary antibody to detect HA-tagged 
Notch4IC protein. Original magnification, X40. 



Because HMEC are a transformed endothelial cell line, we 
repeated the endothelial-sprouting assay using priinary human 
umbilical vein endothelial cells (HUVEC) transduced with the 
Notch4IC construct or the empty vector. As for HMEC, acti- 
vation of Notch4 in HUVEC blocked endothelial sprouting 
(data not shown). 

Constitutively active Notch4 inhibits angiogenesis in vivo. 
To determine whether activation of Notch4 would inhibit an- 
giogenesis in vivo, we used a chick CAM assay. The CAM 
functions as a respiratory structure for gas-nutrient exchange 
and undergoes intense vascularization (11), thus providing an 
excellent microenvironment for assessing angiogenesis. As pre- 
viously described (9, 36), we generated avian retroviral pack- 
aging ceil lines (Q2bn) transfected v^rith the empty CK vector 



or CK-Notch4IC. On embiyonic day 8, these CK producer 
lines, in the presence of VEGF, were placed on meshes on the 
chick CAM surface and incubated for an additional 4 days. The 
cells distribute throughout the mesh and secrete control virus 
or virus containing Notch4IC, which infects the surrounding 
proliferating cells, the majority of which are endothelial. 
CAMs transduced with the empty vector demonstrated normal 
angiogenesis in response to VEGF, whereas angiogenesis was 
markedly inhibited by the expression of Notch4IC (Fig. 2 A and 
B). Ej^ression of the Notch4IC protein in transfected Q2bn 
cells is shown in Fig. 2C. 

Histological analysis was performed on sections of harvested 
CAMs. For H&E-stained sections, areas of the CAMs proxi- 
mal to the Q2bn-containing mesh were analyzed. H&E stain- 
ing of CK vector-transduced CAMs revealed the presence of 
numerous blood vessels in the subchorionic mesenchyme (Fig. 
3A). In contrast, CAMs transduced with CK-Notch4IC exhib- 
ited a marked reduction in blood vessels close to the mesh (Fig. 
3B). Immunohistochemistiy was also performed on CAM sec- 
tions and areas proximal to the mesh examined. Staining for 
the endothelium-specific marker vWF (65) confirmed the pres- 
ence of blood vessels in CK vector-transduced CAMs (Fig. 
3C). Notch4IC-transduced CAMs, on the other hand, showed 
minimal staining for vWF (Fig. 3D), confirming inhibition of 
blood vessel formation. 

To assess expression of the HA-tagged Notch4IC protein in 
endothelial cells, serial sections were stained with antibodies 
against HA and vWF. Because Notch4IC-transduced CAMs 
were nearly devoid of small vessels proximal to the mesh, 
colocalization of staining was examined in vessels distant from 
the mesh. As expected for CK vector-transduced CAMs, ves- 
sels distant from the mesh did not stain for HA (Fig. 3E) but 
did stain for vWF (Fig. 3G). Analysis of Notch4IC-transduced 
CAMs demonstrated that vessels distant from the mesh exhib- 
ited costaining for HA (Fig, 3F) and vWF (Fig. 3H). Our 
findings suggest that expression of Notch4IC in vessels that 
feed the area of the mesh inhibits VEGF-induced endothelial 
sprouting and angiogenesis. To elucidate a possible mecha- 
nism(s) by which activated Notch4 inhibits endothelial sprout- 
ing in vitro and angiogenesis in vivo, we investigated the effects 
of Notch4IC expression on endothelial cell functions related to 
the angiogenic process by using various in vitro assays. 

Notch4 inhibition of endothelial sprouting in vitro cannot 
be explained by reduced endothelial cell proliferation. Endo- 
thelial cell proliferation enables newly formed sprouts to in- 
crease in length and extend into the surrounding matrix. To 
determine whether reduced proliferation was a possible reason 
for the decreased sprouting of Notch4IC-expressing endothe- 
lial cells, we performed neutral red proliferation assays. When 
plated on normal tissue culture substrata, Notch4IC-expressing 
cells and control cells exhibited similar proliferation rates over 
72 h (the incubation time for the endothelial-sprouting assay) 
(Fig. 4A). In fact, proliferation rates for cells grown in serum- 
containing medium were the same as those for cells grown in 
medium supplemented with FGF-2 or VEGF. Proliferation on 
fibrinogen- and collagen-coated surfaces was also investigated 
and was found to be equivalent for Notch4IC-expressing cells 
and control cells (data not shown). 

To confirm that Notch4IC does not affect HMEC cell cycle 
kinetics, we performed flow cytometry on HMEC lines pulse- 
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FIG. 2. Notch4 inhibits angiogenesis in the chick CAM in vivo. The avian retroviral packaging cell line Q2bn was transfected with empty vector 
CK (Q2bn-CK) or CK-Notch4IC (Q2bn-Notch4IC). On day 9, transfected Q2bn cell lines were placed onto nylon meshes on the CAM surface 
in the presence of VEGF (30 ng/ml). The grafted cells distribute throughout the mesh and secrete control virus or virus containing Notch4IC. 
Control CAMS were treated with medium alone or medium supplemented with VEGF. Images of the CAMs were captured on day 12. (A) CAMs 
treated with Q2bn-CK or Q2bn-Notch4IC cell lines in the presence of VEGF. Arrows, edges of the nylon mesh. Bars, 1 mm. (B) Vascular density 
quantitated after 4 days of incubation by counting the number of vessels that entered the mesh area and dividing by the perimeter of the mesh 
(vessels per millimeter). Data are the means ± standard errors from three experiments each done in replicates of four to six eggs. (C) Expression 
of HA-tagged Notch4IC in Q2bn cell lines verified by immunoblotting total cellular extracts with the anti-HA monoclonal antibody. 



labeled with BrdU and costained with DAPI. Control and 
Notch4IC-expressing cells exhibited similar cell cycle distribu- 
tions and levels of BrdU incorporation in the absence or pres- 
ence of a growth factor (Fig. 4B shows representative samples 
of VEGF-stimulated HMEC-LNCX and HMEC-Notch4IC, 
and Fig. 4C shows distribution percentages). Overall, the pro- 
liferation studies performed demonstrate that control and 
Notch4IC-expressing cells proliferate at similar rates. Hence 
the inhibited sprouting of HMEC-Nolch4IC in the in vitro 
endothelial-sprouting experiments cannot be explained by a 
decrease in proliferation of Notch4IC-expressing cells. 

Notch4 inhibits endothelial cell migration through collageD 
but not fibrinogen. For capillaries to sprout, endothelial cells 
need to migrate toward a stimulus. To examine whether de- 
fective migration could explain the Notch4 inhibition of 
sprouting, we performed chemotaxis assays using Transwell 
filters coated with either fibrinogen or collagen. When filters 
were coated with fibrinogen, control cells and Notch4IC-ex- 
pressing cells exhibited similar degrees of chemotaxis toward 
FGF-2 and VEGF (Fig. 5). Migration through coUagen-coated 
filters toward FGF-2 or VEGF, however, for Notch4IC-ex- 
pressing cells was less than that for control cells (Fig. 5). These 
data suggest that activated Notch4 does not affect the intrinsic 
motility of HMEC cells but influences endothelial cell migra- 
tion in a matrix-dependent manner. 

Notcb4 promotes adhesion to extracellular matrix proteins 
through pl-integrins. Modulation of cell surface integrin lev- 
els as well as integrin afiBnity is a crucial event throughout the 
course of capillary tube formation (7, 28) and cell migration 
(46). Therefore, to explain the matrix-specific inhibition of 



HMEC-Notch4IC migration, we investigated whether Notch4 
activation affects endothelial cell adhesion to extracellular ma- 
trix proteins. Figure 6A shows that Notch4IC-expressing cells 
exhibited increased adherence to various matrbc proteins. In 
contrast, when adhesion was mediated by charge interactions 
alone, Notch4IC-expressing cells and control cells adhered to 
poly-L-lysine to the same degree. Regulation of avp3- and 
pl-integrins is required for angiogenesis (7, 21). Because ac- 
tivation of Notch4 promoted adhesion to the pi -integrin sub- 
strates tested (Fig. 6A), we postulated that the pattern of 
increased adhesion was due to effects of Notch4 activation on 
Pl-integrin expression or function. Using function-blocking 
Pl-integrin antibody P4C10 (12), we confirmed that the ma- 
jority of the increased HMEC-Notch4IC adhesion to collagen 
type I (Fig. 6B and C) or collagen type IV (Fig. 6C) was 
mediated by pi-integrins. A function-blocking antibody di- 
rected against avp3-integrin (LM609) (14), however, did not 
affect HMEC-Notch4IC adhesion to collagen type I (Fig. 6B). 
LM609 concentrations of up to 20 jxg/ml were tested, with no 
effect on collagen type I adhesion (data not shown). Interest- 
ingly, when LM609 and P4C10 were used in combination, the 
inhibition of HMEC-Notch4IC adhesion to collagen type i was 
less effective than when F4C10 was used alone (Fig. 6B). Al- 
though the reason(s) for the attenuated blocking is not clear, in 
part this may be due to steric hindrance. 

We next tested whether Notch4IC affected the expression 
levels of avp3- and pl-integrins at the cell surface. Using flow 
cytometry, we demonstrated that neither avp3- nor pi-integrin 
levels were upregulated on the surface of HMEC-Notch4IC 
compared to levels for controls (Fig. 7A). In fact, in most 
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FIG. 3. Immunohistochemical analysis of Notch4IC expression in 
the CAM. Q2bn packaging cells transfected with the vector control 
(Q2bn-CK) or Notch4IC (Q2bn-Notch4IC) were placed onto nylon 
meshes on the CAM surface. Treated CAMs were harvested on day 12, 
and sections were prepared. (A to D) CAM sections proximal to mesh. 
Shown is H&E staining of Q2bn-CK-treated (A) and Q2bn-Notch4IC- 
treated (B) CAMs and anti-vWF staining of Q2bn-CK-treated (C) and 
Q2bn-Notch4IC-treated (D) CAMs. (E to H) CAM sections distant 
from mesh. Shown is anti-HA staining of Q2bn-CK-treated (E) and 
Q2bn-Notch4IC-treated (F) CAMs and anti-vWF staining of Q2bn- 
CK-treated.(G) and Q2bn-Notch4IC- treated (H) CAMs. Original 
magnifications: X 40 (A to D, F, and H) and X63 (E and G). 
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FIG. 4. Notch4 does not inhibit HMEC proliferation. (A) Neutral 
red assay for proliferation. HMEC-LNCX and HMEC-Notch4IC pro- 
liferation in medium alone and in medium supplemented with FGF-2 
(15 ng/ml) or VEGF (15 ng/ml) was assayed over 72 h. Data are the 
mean absorbances from a single experiment done in triplicate and are 
representative of at least three independent experiments. OD570, op- 
tical density at 570 rnn. (B) Cell cycle distribution for HMEC-LNCX 
and HMEC-Notch4IC stimulated with VEGF. Cells were stained with 
DAPI for total DNA content and pulse-labeled with BrdU to detect 
DNA ^thesis and analyzed by flow cytometry. (C) Cell cycle distri- 
butions for HMEC-LNCX and HMEC-Notch4IC cultured in medium 
alone or medium supplemented with FGF-2 (15 ng/ml) or VEGF (15 
ng/ml). Data are the means ± standard errors &om three independent 
experiments. 



pl-integrins in a high-affinity, active conformation, than con- 
trol cells. 

To confirm the increased proportion of active pl-integrin on 
the surface of HMEC-Notch4IC, Notch4IC-expressing cells 
and control cells were stained with antibodies that specifically 
recognize active pi-integrin (B44) (55, 78) or total pi-integrin 



experiments, there was decreased pi-integrin, but not avp3- 
integrin, on the surface of HMEC-Notch4IC. Integrins can 
exist at the cell surface in at least two conformational states, a 
ligand-binding (active or high-affinity) conformation and a 
non-ligand-binding (inactive or low-affinity) conformation 
(33). Increased affinity of integrins for their ligand(s) can be 
regulated by intracellular events, a process referred to as in- 
side-out signaling (33). Our findings of increased pi-integrin- 
mediated adhesion without increased pi-integrin expression 
suggest that Notch4IC may participate in an inside-out signal- 
ing process that promotes pi-integrin affinity. To test this hy- 
pothesis, we performed ligand-binding assays using FITC-con- 
jugated collagen type I. The binding of soluble collagen type I 
to HMEC-Notch4IC was greater than that to control HMEC 
(Fig. 7B). Because HMEC-Notch4IC exhibit increased binding 
to soluble collagen type I (Fig. 7B) without a corresponding 
increase in total pi-integrin expression (Fig. 7A), our findings 
suggest that HMEC-Notch4IC display a greater number of 
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FIG. 5. Notch4 inhibits endothelial cell migration through collagen 
but not fibrinogen. Migration of HMEC-LNCX and HMEC-Notch4IC 
toward control medium and medium supplemented with FGF-2 (15 
ng/ml) or VEGF (15 ng/ml) was assayed by using Transwell filters 
coated with fibrinogen or collagen type L Following 16 h of incubation, 
cells that had migrated and adhered to the underside of the filter were 
stained and counted. Data are the means ± standard deviations from 
a single experiment done in triplicate and are representative of at least 
three independent experiments. 
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FIG. 6. Notch4 promotes endothelial cell adhesion to various ex- 
tracellular matrix proteins through pl-integrins. (A) Adhesion of 
HMEC-LNCX and HMEC-Notch4IC to extracellular matrix proteins. 
Plates were coated with the following proteins: fibrinogen (FBG), 
fibronectin (FN), collagen type I (COL I), coUagen type IV (COL IV), 
vitronectin (VN), and poly-L-lysine (POLY). Adherent cells were 
fixed, stained, and solubilized, and absorbance was read at 570 nm with 
background absorbance at 630 nm subtracted (00570-630)- (B) Adhe- 
sion of HMEC-LNCX and HMEC-Notch4IC in the presence of func- 
tion-blocking antibodies against avp3- and pl-integrins. Adhesion as- 
says were performed on plates coated with collagen type I. HMEC- 
LNCX and HMEC-Notch4IC were preincubated with IgG2a (1:100 
dilution), an anti-ovp3 antibody (LM609; 10 M-g/ml). and an anti-pi 
antibody (P4C10; 1:100, 1:250, and 1:500 dilutions). For cells treated 
with both avp3 and ^1 antibodies, 10 p,gM and a 1:100 dilution, 
respectively, were used. (C) Adhesion of HMEC-LNCX and HMEC-= 
Notch4IC in the presence of a fiinction-blocldng pl-integrin antibody. 
Adhesion assays were performed on plates coated with collagen type I 
or collagen type IV. Cells were preincubated with IgG2a (1:500 dilu- 
tion) or an anti-pi antibody (P4C10; 2.5 M-g/ml). Adhesion data are the 
means ± standard deviations from a single experiment done in tripli- 
cate and are representative of at least three independent experiments. 



(K20) (72) and mean fluorescence ratios (active pi/total pi) 
were determined by flow cytometry. Notch4IC-expressing cells, 
compared to control cells, displayed a greater proportion of 
pi-integrin receptors in a high-affinity state (Fig. 8A). Based 
on our findings, we reasoned that if pl-integrins expressed on 
HMEC-Notch4IC were already in a high-affinity state, we 
would not be able to further increase pl-integrin-mediated 
adhesion to collagen. Using a function-activating pl-integrin 
antibody (8A2) (42), we found that whereas HMEC-LNCX 
adhesion to collagen type I could be increased, 8A2 was unable 
to increase HMEC-Notch4IC adhesion to collagen type I (Fig. 
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FIG. 7. Notch4 does not increase endothelial cell surface expres- 
sion of pl-integrins but enhances binding of soluble collagen. (A) Sur- 
face expression of avp3- and pi-integrins on HMEC-LNCX and 
HMEC-Notch4IC Cells were incubated with antibodies (IgG control, 
K20, and LM609) and analyzed by flow cytometry. Histograms are 
representative of at least three independent experiments. (B) Curves 
for binding of soluble collagen to HMEC-LNCX and HMEC- 
Notch4IC. FITC-conjugated collagen type I was incubated with cells at 
the indicated concentrations, and the samples were analyzed by flow 
cytometry. Binding data are the means ± standard deviations from two 
independent experiments. 



SB). Taken together, our findings demonstrate that Notch4IC- 
expressing cells already display a fully active conformation of 

pl-integrins. 

Increased pl-integrin-mediated adhesion plays a role in the 
Notch4 inhibition of endothelial sprouting. Our data suggest 
that the inhibited sprouting of Notch4IC-expressing cells in 
vitro may be explained in part by an increased affinity to gel- 
atin-coated beads and that this high-affinity adhesive state 
(which presumably cannot be "turned ofF" due to the consti- 
tutive activation of Notch4) prevents the Notch4IC-expressing 
cells from migrating off the gelatin -coated beads and into the 
fibrin gel. This suggests that if Notch4IC-expressing cells were 
seeded onto beads by charge interaction rather than pi-inte- 
grin-mediated adhesion, the ability to form sprouts would be 
restored. To test this hypothesis, HMEC-Notch4IC were 
seeded onto dextran-coated microcarrier beads and the beads 
were embedded into fibrin gels. In this assay, we noted that 
HMEC-Notch4IC. formed sprouts to a similar extent as 
HMEC-LNCX (Fig. 9). Hence in the absence of a pi-integrin 
substrate with which to interact, Notch4IC-expressing ceDs are 
capable of forming sprouts. As a control, dextran-coated beads 
were further coated with collagen type I and then seeded with 
HMEC-Notch4IC. SimOar to results shown in Fig. IB, sprout- 
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FIG. 8, Notch4-expressiiig cells display pi-integrins in a high-afifin- 
ity conformation. (A) Mean fluorescence ratios of active pi to total pi 
on HMEC-LNCX and HMEC-Notch4IC. Cells were incubated with 
antibodies (B44, active pi; K20, total pi) and assessed by flow cytom- 
etry. Data are from two independent experiments. (B) HMEC- 
Notch4IC adhesion to collagen cannot be increased by function-acti- 
vating pi-integrin antibodies. HMEC-LNCX and HMEC-Notch4IC 
preincubated with function-activating pi-integrin antibody 8A2 were 
added to collagen type I-coated wells. Adherent cells were fixed, 
stained, and solubiJized, and absorbance was read at 570 nm with 
baclcground absorbance at 630 nm subtracted (ODjTo^ao). Data are 
means ± standard deviations from a single experiment done in tripli- 
cate and are representative of at least three independent experiments. 
For the increased adhesion of HMEC-LNCX due to 8A2, the P value 
was 0.03 (analysis of variance). 



ing of HMEC-Notch4IC from these collagen-recoated beads 
was inhibited (Fig. 9). 

Activation of pi-integrins is sufficient to inhibit angiogen- 
esis in vitro and in vivo. Our findings described thus far dem- 
onstrate that expression of activated Notch4 in endothelial 
cells inhibits angiogenesis both in vitro and in vivo, in part by 
promoting pi-integrin activation. To determine whether acti- 
vation of pi-integrins alone (independent of constitutively ac- 
tive Notch4 expression) was sufficient to inhibit angiogenesis. 




control VEGF control VEGF 
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FIG. 9. Notch4 does not inhibit endotheUal sprouting from dex- 
tran-coated microcamer beads in vitro. Dextran-coated microcarrier 
beads were seeded with HMEC-LNCX or HMEC-Notch4IC. Equal 
numbers of beads were embedded in fibrin gels containing control 
medium or medium supplemented with VEGF (15 ng/ml). Endothelial 
sprout formation was quantitated after 3 days of incubation. As a 
control, dextran-coated beads were coated with collagen type I and 
were tiien seeded with HMEC lines. Data are the means ± standard 
deviations from a single experiment done in triplicate and are repre- 
sentative of at least three independent experiments. 




FIG. 10. Activation of ^l-integrins alone, independent of Notch4 
activation, is sufficient to inhibit endothelial sprouting in vitro and 
angiogenesis in vivo. (A) In vitro sprouting of parental HMEC from 
microcarrier beads coated with anti-pi-integrin antibodies. Dextran- 
coated microcarrier beads were preincubated with an IgG control 
antibody, a function-activating pi-integrin antibody (8A2), or a non- 
function-modifying pi-integrin antibody (LM534). Data are the means 
± standard deviations from a single experiment done in triplicate and 
are representative of at least three independent experiments. (B) An- 
giogenesis in the chick CAM in the presence of anti-pi-integrin anti- 
bodies. The following antibodies were used: TASC (function-activating 
pl-integrin antibody), V2E9 (non-function-modifying pl-integrin an- 
tibody), WIBIO (function-blocking pl-integrin antibody), LM609 
(function-blocking av^3-integrin antibody). Antibodies (10 ^g/ml) 
plus VEGF (30 ng/ml) were loaded onto gelatin sponges, and the 
sponges were placed on the CAMs of day 8 embryos. As controls, 
sponges containing PBS or VEGF (30 ng/ml) were placed on CAMs. 
Angiogenesis was quantitated on day 10. Data are the means ± stan- 
dard errors from two experiments each done in replicates of three to 
five eggs. (C) CAMs treated with V2E9, WIBIO, TASC, and LM609 
antibodies, all in the presence of VEGF. CAMs are representative of 
two independent experiments. Arrows, comers of the sponges. Bars, 1 
mm. 



we performed in vitro and in vivo experiments using antibodies 
that specifically activate pi-integrins. 

Using the in vitro sprouting model with untransduced pa- 
rental HMEC, we investigated the effect of function-activating 
pl-integrin antibody 8A2 on VEGF-induced sprouting. Dex- 
tran-coated beads were preincubated with either 8A2 or 
LM534, a non -function-modifying pi antibody (72). These 
beads were subsequently seeded with parental HMEC and 
incubated for 3 days to allow parental HMEC to produce and 
secrete their own matrix proteins (many of which are pl- 
integrin substrates) onto the bead surface (44). Figure lOA 
shows that, whereas VEGF was able to induce sprouting of 
parental HMEC from beads coated with LM534, sprouting 
from 8A2-coated beads was reduced. Hence pl-integrin acti- 
vation was sufficient to inhibit VEGF-induced endothelial 



2838 LEONG ET AJL 



MoL. Cell. Biol. 



sprouting in vitro. The in vivo chick CAM assay was used to 
examine VEGF-induced angiogenesis in the presence of vari- 
ous anti-avian pl-integrin antibodies (Fig. lOB and C). CAMs 
were treated with TASC (a function-activating pi-integrin an- 
tibody) (16, 54), V2E9 (a non -function-modifying pi-integrin 
antibody) (31), or WIBIO (a function-blocking 31-integrin an- 
tibody) (16). Whereas VEGF was able to induce angiogenesis 
in CAMs treated with V2E9 and WIBIO, CAMs treated with 
TASC exhibited decreased angiogenesis (Fig. lOB and C). In 
fact, angiogenesis in TASC-treated CAMs was reduced to a 
level similar to that for CAMs treated with LM609 (Fig. lOB 
and C), a function-blocking av^3-integrin antibody previously 
shown to attenuate VEGF-induced angiogenesis in the CAM 
(23). Taken together, our findings demonstrate that activation 
of pl-integrins, and hence increased adhesion through pl- 
integrins, is sufficient to inhibit VEGF-induced angiogenesis in 
vitro and in vivo. 

DISCUSSION 

There is good evidence to indicate that members of the 
Notch famDy of transmembrane receptors play an important 
role in regulating cell fate decisions and differentiation (2). 
More recently, several studies point to a role for Notch and its 
ligands in influencing vascular development. Mutations in 
Notch3 are responsible for the human vascular disorder cere- 
bral autosomal dominant arteriopathy with subcortical infarcts 
and leukoencephalopathy, although in this case the defect ap- 
pears to be mainly in vascular smooth muscle cells (37). Mu- 
tations in presenilin 1, a protein involved in Notch proteolytic 
processing, results in hemorrhaging (67, 79). Mice that are 
rendered null for Notch ligands Jagged 1 and Deltal exhibit 
vascular remodeling defects (80) and hemorrhaging (32), re- 
spectively. Antisense oligonucleotides directed against Jagged 1 
enhance FGF-2-induced endothelial tube formation in a col- 
lagen gel assay (81). Recently, a study examining the expres- 
sion of four Notch receptors (Notch 1 to -4) and five Notch 
ligands (Deltal, -3, and -4 and Jaggedl and -2) in the devel- 
oping mouse vasculature was performed. Notch 1, Notch3, 
Notch4, Delta4, Jaggedl, and Jagged2 are all expressed in 
arteries but not veins (76). Notch2, Deltal, and Delta3, on the 
other hand, are not expressed in vessels (76). Nevertheless, a 
Notch2 hypomorphic allele disrupts vessel remodeling in mul- 
tiple vascular beds (50). The combined loss of Notch4 and 
Notch 1 functions due to gene targeting in the mouse results in 
defects in vascular remodeling (34, 45). Interestingly, expres- 
sion of activated Notch4 in the mouse embryonic vasculature, 
under the control of the VEGF-R2 promoter, also results in 
vascular patterning defects (73). Although the last two studies 
demonstrate that both increases and decreases in Notch4 sig- 
naling result in a common vascular phenotype, disrupted blood 
vessel development, a mechanism(s) by which to explain this 
phenotype has not been elucidated. 

The enforced expression of a constitutively active form of 
murine Notch4 in a mammary epithelial cell line has been 
shown to inhibit branching morphogenesis in a collagen gel 
assay (75). Because mammary epithelial tubulogenesis and 
blood vessel angiogenesis are similar morphogenic processes 
(52) and because Notch4 is primarily expressed in the endo- 
thelium (47, 74), we investigated whether enforced expression 



of activated Notch4 (Notch4IC) in endothelial cells could in- 
hibit endothelial sprouting in vitro and angiogenesis in vivo. In 
an in vitro endothelial-tube formation assay, we show that 
Notch4IC inhibits spontaneous endothelial sprouting, as well 
as sprouting in response to FGF-2 and VEGF (Fig. 1). Fur- 
thermore, using an in vivo chick CAM assay, we demonstrate 
that Notch4IC expression is sufficient to inhibit VEGF-induced 
angiogenesis (Fig. 2 and 3). 

Quiescent endothelial ceils are normally anchored by their 
abluminal surface to a collagen-rich matrix (38). At the initi- 
ation of angiogenesis, the mature collagen -containing matrix is 
degraded and replaced by a provisional matrix of fibrin and 
fibronectin upon which endothelial cells migrate and prolifer- 
ate (20, 59). The endothelial-sprouting assay used in our stud- 
ies mimics angiogenesis in vivo. Specifically, microvascular en- 
dothelial cells are seeded as a monolayer onto gelatin-coated 
beads and are then induced by angiogenic factors to migrate 
into a fibrin matrix to form sprouts. We report that endothelial 
cells expressing Notch4IC exhibit inhibited sprouting in vitro 
(Fig. 1 and 9) and that this inhibition can be explained in part 
by an increase in HMEC-Notch4IC adhesion to collagen (Fig. 
6 to 8). By enhancing cell adherence to collagen-coated beads, 
activated Notch4 prevents migration of the cells into the fibrin 
matrix. This is in accordance with our migration studies, where 
HMEC-Notch4IC migration through collagen, but not fibrin- 
ogen, was inhibited (Fig. 5). Proliferation rates, on the other 
hand, in HMEC-Notch4IC and control cells were found to be 
similar (Fig. 4). Our in vivo studies demonstrate that Notch4IC 
expression in the chick CAM inhibits VEGF-induced zmgio- 
genesis (Fig. 2 and 3). Based on our in vitro findings, the 
inhibition of angiogenesis in vivo may be due in part to en- 
hanced endothelial cell adhesion to matrix proteins, thereby 
inhibiting vascular remodeling in the CAM. 

Cell migration requires the coordinated activation and de- 
activation of integrins (46). As a cell migrates across a matrix, 
integrins at the leading edge of the cell adhere to the substrate 
(35). At the same time, receptors at the trailing edge of the cell 
detach from the substrate to allow the cell to progress forward 
(56). Thus, during the sprouting process of angiogenesis, inte- 
grin affinity states are constantly being modulated. The avp3- 
integrin has been shown to play a critical role in angiogenesis, 
but several studies also delineate the essential contribution of 
31-integrins ui endothelial morphogenesis (7, 21). Our data 
show that activated Notch4 increases endothelial cell adhesion 
(Fig. 6) and that enhanced pi-integrin affinity plays a role in 
this increased adhesion (Fig. 7 and 8). 

Our work demonstrates that constitutive Notch4 activation 
inhibits vascular remodeling. Importantly, our studies provide 
a possible mechanism with which to explain the conmion vas- 
cular defects observed in mutant mice with either increased 
(73) or decreased (45) Notch signaling. Because Notch plays a 
role in cell fate decisions. Notch signaling must be precisely 
regulated and hence requires cessation of receptor signaling at 
certain times (2, 51, 77). Similarly, because cell adhesion in- 
fluences cell functions such as migration and cell phenotype, 
modulation of cell adhesion must be strictly regulated (7, 26, 
46, 57, 63). Therefore, it is possible that knocking out Notch4 
and Notchl results in a loss of cell-to-cxtracellular matrix ad- 
hesion and hence inhibited vascular remodeling, whereas con- 
stitutive Notch4 activation results in excessive cell-to-extracel- 
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lular matrix adhesion, thereby effectively fixing the cells in 
place. Taken together, our studies as well as the studies of 
Krebs et al. (45) and Uyttendaele et al. (73) reveal that altered 
Notch4 signaling results in disrupted blood vessel develop- 
ment. 

Notch-like extracellular matrix protein Dell has been shown 
to induce integrin signaling and angiogenesis by binding endo- 
thelial avp3 and promoting migration (58). This is a case of 
signaling from the outside to the interior of the cell, as seen 
with many transmembrane receptors. In contrast, our studies 
suggest that activation of Notch4 propagates signals that in- 
duce an active, high-affinity conformation of the pi-integrin. 
To our knowledge, this is the first report demonstrating that 
any Notch member can regulate inside-out signaling of inte- 
grins. We are currently in the process of examining the poten- 
tial pathways contributing to modulation of pl-integrin affinity 
by Notch4. 

There is much evidence demonstrating that suppression of 
integrin activation is a physiological mechanism with which to 
control integrin-dependent cell adhesion and migration (33). 
In addition, regulation of integrin activation has been reported 
to precede differentiation in several cell types. Regulation of 
pi-integrin activity in neurogenic and myogenic differentia- 
tion, two processes that are also modulated by Notch, has been 
reported (8, 54). In a baboon model, it has previously been 
shown that in uninjured saphenous arteries endothelial cells 
and vascular smooth muscle cells express an epitope charac- 
teristic of pi-integrins in a high-affinity state (43). However, 6 
weeks following balloon injury, regenerating endothelial cells 
did not express this ligand-induced epitope, although there was 
no decrease in the expression of total pl-integrin (43). In the 
same study, activation of pi-integrin with function-activating 
pi antibody 8A2 inhibited the migration of endothelial cells in 
vitro (43). Together, these findings suggest that activated pi- 
integrin is required to maintain endothelial cells in a quiescent 
state, but, to repair arteries and possibly to allow neovascular- 
ization, dyshesion by downregulating pl-integrin affinity is re- 
quired. In fact, activation of pi-integrins on human endothelial 
cells has been shown to inhibit capillary tube formation in 
collagen gels in vitro (25). We report that activation of pi- 
integrins on endothelial cells, independent of Notch4 activa- 
tion, inhibits endothelial sprouting in vitro (Fig. lOA). Further- 
more, we demonstrate that pi-integrin activation can inhibit 
angiogenesis in the chick CAM in vivo (Fig. lOB and C). In a 
previous study using function-blocking antibodies directed 
against specific a-integrin subunits, a combination of a 1 -block- 
ing and a2-blocking antibodies was shown to inhibit VEGF- 
induced angiogenesis in a mouse Matrigel plug assay (66). 
These findings suggest that blocking aipi- and a2pi-integrin 
function can inhibit VEGF-induced angiogenesis (66). Al- 
though these results may seem contradictory to our data dem- 
onstrating that blocking pi-integrin function does not inhibit 
VEGF-induced angiogenesis in the chick CAM (Fig. lOB and 
C), it is important to note that the effect of function-blocking 
and -activating antibodies directed against the pl-integrin sub- 
unit in the Matrigel plug assay was not reported. Because 
numerous apl-integrin heterodimers are implicated in angio- 
genesis (4, 17), blocking the function of only the al and a.2 
subunits may result in a different phenotype from that seen 
when the function of all pi-integrins is blocked. Alternatively, 



the different results may reflect intrinsic differences in the 
experimental models used. Indeed, function-blocking pi-inte- 
grin antibody CSAT has been reported to disrupt vascular 
development and lumen formation when microinjected into 
quail embryos (18), whereas the same CSAT antibody does not 
affect FGF-2- or tumor necrosis factor alpha-induced angio- 
genesis in the chick CAM (10). 

Because Notch4 expression is restricted to the endothelium 
(74) and because Notch4 is the only Notch receptor expressed 
in the capillary endothelium (76), our findings implicate selec- 
tive activation of Notch4 as a possible method by which to 
inhibit angiogenesis in pathological contexts. However, be- 
cause our studies involve a constitutively active, overexpressed 
form of Notch4 in endothelial cells, the physiological relevance 
of the data must be interpreted with caution. Further studies 
using ligands specific for Notch4 will be important to deter- 
mine whether modulated activation of Notch4 also inhibits 
angiogenesis. Recent studies suggest that Delta-like4 (D114) 
may be a potential ligand for Notch4, based on similar expres- 
sion patterns for the two proteins (45, 69). However, it remains 
to be seen whether D114 can physically interact with and acti- 
vate Notch4 and induce Notch4 signaling. 

Hence the ability of Notch4 to inhibit endothelial sprouting 
in vitro and angiogenesis in vivo may be related in part to its 
ability to increase the ligand-binding affinity of pi-integrins, as 
we have demonstrated in this report. Other potential mecha- 
nisms, however, may act in concert with pl-integrin activation 
to mediate the observed Notch4 effect. 
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equivalent derivative, or allelic or species variant thereof. 
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THERAPEUTIC AND DIAGNOSTIC METHODS AND 

COMPOSITIONS BASED ON 
JAGGED/NOTCH PROTEINS AND NUCLEIC ACIDS 

5 RELATED APPLICATIONS 

This patent application was originally filed as U.S. Provisional Application 60/01 8,841 
on May 30, 1996. 

STATEMENT OF GOVERNMENT RIGHTS IN THE INVENTION 
10 Part of the work performed during the development of this invention utilized U.S. 

Government funds and NH grants. Thus, the U.S. Government may have certain rights in the 
invention. 

BACKGROUND OF THE INVENTION 
15 Field of the Invention 

The present invention relates to therapeutic and diagnostic methods and compositions 
based on Jagged/Notch proteins and nucleic acids, and on the role of their signaling pathway 
in endothelial cell migration and/or differentiation. 

20 Background of the Invention 

The ilinaionai integrity of the human vascular system is maintained by the endothelial 
cell which monitors the non-thrombogenic interface between blood and tissue in vivo. Thus, 
factors that influence human endothelial cell function may contribute significantly to the 
regulation and maintenance of homeostasis {see, Maciag, in Progress in Hemostasis and 

25 Thromboas . T Spaet, ed. (New Yoric: AR. Liss). pp.167-182 (1984); Folfcman and Klagsbum, 
Science 235:442-447 (1987); Burgess and Maciag, Amm. Rev. Biochem. 55:575-606 (1989)). 
likewise, events that perturb this complex equilibrium are relevant to the pathophysiology of 
human disease states in which cellular components of the vascular tree are active participants 
including, e,g,, atherogenesis, coronary insufficiency, hypertension, rheumatoid arthritis, solid 

30 tumor growth and metastasis, and wound repair. 

Since the endothelium is present in all organs and tissues, endothelial cell function is also 
fimdamental to the physiology and int^ation of these multicellular systems. This includes the 
ability to monitor and interface with repair systems that employ the tightly regulated 



wo 97/45143 



PCTAJS97/09407 



inflammatory, angiogenic and neurotropic responses. Indeed, biochemical signals that are 
responsible for the modification of these responses have been well characterized as polypeptide 
growth factors and cytokines; however, their mechanisms of operation have, prior to the 
present invention, been poorly understood, impeding their acceptance as valuable tools in 

S clinical management. 

A major accomplishment of modem biology has been the recognition that structural 
elements responsible for physiologic iimctions are conserved throughout the animal kingdom. 
Genetic analyas of yeast, C elegans, Xenopus, Zebra fish, and Drosophila, among others, have 
provided new insight into the regulation of the cell cycle, organelle biosynthesis and trafficking, 

10 cell fate and lineage dedsions during development, as well as providing the fimdamental 
principles for transcriptional/iranslational/post-translational regulation. Indeed, the conservation 
of stnicture-fijiKdon principles exhibited by such systems has generated new insight into these 
and other regulatory systems utilized by mammalian cdls. Moreover, a resolution of the genetic 
structure of the manmialian homologs for such genes in non-maimnalian species has often led 

15 to a discernment of their function in mammals, even though the delineation of the function of 
a particular, homologous mammalian gene or gene Augment may well be serendipitous. In 
many cases, it is the resuh produced by expresson and diSerential cDNA cloning strategies that 
manifest mammalian DNA sequences with homology to genes previously identified in more 
primitive species. 

20 Duriiig the past decade, difeential cDNA cloning methods, inchiding e.^., conventional 

subtractive hybridization (Ha and Madag, Biochem, Biophys, Res, Comnmn. 167:637-643 
(i990a)), difierential polymerase diain reaction (PCR)-oriented hybridization (Hla and Maciag, 
X Biol. Chem. 265:9308-9313 (1990b)), and more recently, a modification of the differential 
display (Zimiin etaL, Biochem. Biqphys, Res. Comnnm. 273:630-638 (1995)) were used to 

25 identify genes induced during the process of human umbilical vein endothelial cell (HUVEC) 
differentiation in vitro. Very early studies disclosed that HUVEC populations are able to 
generate capiUary-like, lumen-containing structures when introduced into a growth-limited 
owironment m vitro (Maciag et aL, J. Cell Biol. 94:51 1-520 (1982)). These studies permitted 
the identification and characterization of protein components of the extracellular matrix as 

30 inducers of this dififerentiation process, while at the same time defining the capillary-like 
structures as non-terminally differentiated (MdsiHg, 1984). Additional experiments have 
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elucidated the i]iqx>itance of polypeptide cytokiiies, such as IL-1 (Maier et aL, J. Biol Chem. 
265:10805-10808 (1990a)). and JFNy (Friesd e/o/.. y. CellBioL 70^:689-696 (1987)) as 
inducers of HUVEC differentiation in vitro, and ultimately lead to an understanding that the 
precursor form of IL-la was responsible for the induction of HUVEC senescence in vitro 
5 (Madag et oL, J. CellBioL P7:420-426 (198 1); Maier et oL, Science 249: 1 570- 1 574 ( 1 990b)) - 
the only truly terminal HUVEC phenotype identified to date. Summarized in Figure 1 . 

Recent research has employed diSer^tial cDNA cloning methods, which permits the 
identification of new and ver/ interesting genes. However, until very recently, establishing their 
identity did not iHDvideinsig^ into the medianism of HUVEC difl^^ Current research 

10 has focused upon the fibroblast growth &ctor (FGF) and interleukin (IL)-1 gene families as 
regulators of the angiogenesis process, both in vitro and in vivo ^riesel et al., FASEB J P:919- 
925 (1995); Zimrin et cd.. 1 Clin Invest. 97:1359 (1996)). The human umbilical vein 
endothdial cell QHIUVEC) has proven to be an effective model for studying the signal pathways 
utilized by FGF-1 to initiate HUVEC migration and growth, the role of IL-la as an intracellular 

1 5 inhibitor of FGF- 1 fimction and modifier of HUVEC senescence, and the interplay between the 
FGF and the IL-1 gene femilies as key effectors of HUVEC differentiation in vitro. Such 
insight has enabled the present inventors to use modem molecular methods to identify a key 
regulatory ligand-receptor signaling system, which is able to both induce capillary endothelial 
cell migration and repress large vessel endothelial cell migration. 

20 The Jagged/Semite/Deha*Notch/Iin/Glp signaling systrai, originally described during 

the devdopment of C. elegans and DrosopMla as an essential system instrumental in cell &te 
decifflons, has been found to be highly conserved in mammalian cells (Nye and Kopan, Curr. 
BioL 5:966-969 (1995)). Notch proteins comprise a family of closely-related transmembrane 
recq>tor5 initially identified in embiyolo^c studies in Drosophila (Fortini and Artavanis- 

25 Tsakonas, Cell 75: 1245-1247 (1993)). The genes encoding the Notch receptor show a high 
degree of structural conservation, and contain muhiple BGF repeats in their extracellular 
domains (Coffinan et a/., Science 2^9:1438-1441 (1990); EUisen et al., Cell 65:649-661 
(1991); Weinmaster etoL, Development 7/3:199-205 (1991); Weinmaster etaL, Development 
7/5:931-941 (1992); Franco dd Amo et oL, Development 115:131-1^4 (1992); Reaume et al, 

30 Dev. BioL 154:311-3$! (1992); Lardelli and Lendahi, Mech Dev. ¥5:123-136 (1993); 
Bierkamp and Campos-Ortega, A/ecA. Dev. 43:Z1A00 (1993); Lardelli etoL, Exp. Cell Res. 



-3- 



wo 97/45143 



PCT/US97/09407 



20^:364-372 (1994)). In addition to the 36 EGF repeats within the extracellular donudn of 
Notch 1, there is a cys-rich domain composed of three Hotch Lin Q\p (NLG) repeats, which 
is important for Ugand fiinction, followed by a cys-poor region between the transmembrane and 
NLG domain. 

S The intracellular domain of Notch 1 contains sbc ankyrin/CdclO repeats positioned 

between two nuclear localization sequmces (NLS) (Artavanis-Tsakonas ei aL, Science 
268'21S'732 (1995)). Tlus motif is found in many fimctionally divme proteins {see e.g.^ Bork» 
Proteins 77:363-374 (1993)). including members of the rel/NF-kB femily (Blank ei aL, TIBS 
77:135-140 (1992)), and is thought to be respon^ble for protein-protdn interactions. Notch 

10 has been shown to interact with a novel ubiquitously distributed cytoplasmic protein deltex 
through its ankyrin repeats, a domain shown by deletion analysis to be necessary for activity 
(Matsuno ei aL, Developmeni 727:2633-2644 (1995)). 

Carboxy terminal to this region is a polyglutamine-rich domain (OP A) and a pro-glu- 
ser-thr (PEST) domain which may be involved in signaling protdn degradation. There are 

15 numerous Notch homologs, induding three Notch genes. (The corresponding structures for 
Lin-12 and Glp-1 are shown in Figure 2.) 

Several Notch ligands have been identified in vertebrates, including Deha, Serrate and 
Jagged. The Notch ligands are also transmembrane protems, having highly conserved 
structures. These ligands are known to signal ceU &te and pattern formation deci^ons through 

20 the irinding to the Lin-12/Nbtch fiunily of transmembrane receptors (Kf uskavitch and Hofi&nann, 
Curr, Top. Dev. BioL 2^:289-328 (1990); Artavanis-Tsakonas and Simpson, Trends Genet. 
7:403^8 (1991); Grecnwald and Rubin, CeU 6»:271-281 (1992); Gurdon. Cell 68: 185-199 

(1992) ; Fortini and Artavanis-Tsakonas, 1993; and Weintraub, Cell 75: 1241-1244 (1993)). A 
related proton, the Suppressor of hairiess (Su(H)), vdien co-expressed with Notch in 

25 Dr€»soplnla cells, is sequestered in the cytosol, but is translocated to the nucleus whm Notch 
binds to its ligand Delta (Fortini and Artavanis-Tsakonas, 1993), Studies with constitutively 
activated Notch proteins missing their extracellular domains have shown that activated Notch 
suppresses neurogenic and mesodermal differentiation (Coffinan et al., Cell 73:659-671 

(1993) ; Nye et aL, Development 720:2421-2430 (1994)). 

30 The Notch signaling pathway ^Figure 3), which is q>parently activated by Jagged in the 

endothelial cdl, involves cleavage of the intracelhilar domain by a protease, followed by nuclear 
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trafficking of the Notch fragment and the interaction of this fragment with the KBFj/RBP-J^ 
transcription &ctor (Jarriault e( al., Nature 577:355-358 (1995); Kopan et al., Proc. Nail 
Acad Set USA 93:1683-1688 (1996)), a homolog of the Drosophila Suppressor of hairless 
gene (Schweisguth et aL, Cell 69:1199-1212 (1992)), a basic helix-loop-hdix transcription 
5 factor involved in Notch signaling in insects (Jennings et aL, Development 720:3537-3548 
(1994)) and in the mouse (Sasai et aL, Genes Dev. 6:2620-2634 (1992)). This effeaor is able 
to repress the transcriptional activity of other genes encoding transcription factors responsible 
for entry into the terminal differentiation program (Nye et al.^ 1994; Kopan et aL, J. CelL 
PhysioL J 25:1-9 (1994)). 

1 0 The Jagged gene encodes a transmembrane protein which is directed to the cell surface 

by the presence of a agnal peptide sequence (UndseD etaL, Cell 80:909-917 (1995)). While 
the intiacdUuIar domain contains a sequence with no known homology to intraceDular regions 
of other transmembrane structures, the extracellular region of the ligand contains a cys-rich 
r^on, 16 epidennal growth fictor (EGF) repeats, and a DSL (Delta Serrate Lag) domain. As 

15 shown in Figure 4, the DSL domain as well as the EGF repeats, are found in other genes 
inchidingtheZ>na$r:pfeijligands, Serrate (Baker a/.. Science 2iO:1370-13771990; Thomas 
etaL, Development 7/7:749-761 (1991)) and Delta (Kopczyndd etaL, Genes Dev. 2:1723- 
1735 (1988)), and C. elegans genes Apx-1 (Henderson eiaL, Development 720:2913-2924 
(1994); Mello et aL, Cell 77:95-106 (1994)) and Lag-2 (Tax et aL, Nature 368, 150-154 

20 (1994)). 

Nevertheless, until the discovery of the presently disclosed invention, human Jagged 
remained undefined and the function and relationship, if any, of the human ligand to Notdi 
remained uriknown in the art. However, there was a recognized need in the art for a complete 
understanding of the protein's role in the regulation of cell differentiation and regulation. As 

25 disclosed in the present invention, the human Jagged gme has now been cloned, isolated and 
defined, and the Jagged-Notdi role in endothelial cell differentiation and/or migration has been 
elucidated. In addition, it is presently disclosed that the novel signaling pathway produces 
disparate effects on the migration of large and small vessel endothelial cells, providing what 
appears to be the first demonstration of a signaling difference between large and small vessel 

30 endothelial ceUs both in degree and direction. This highlights the pot^tial fimction of a 
previously unknown ligand-receptor signaling pathway in the endothelial cell which is 
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modulated during the migratory phase of angiogenesis. Moreover, the present invention 
provides an explanation of the previously unresolved phenomenon in which endothdial cells 
have been shown to reproducibly differentiate into a non-terminal and completely reversible 
tubular-like cell phenotype in vitro (Maciag ei al, 1982). Thus, the present invention 
significantly advances the art, providing not only methods of regulating cell differentiation and 
angiogenesis, but also teaching a method for preventing the undesirable migration of specific 
cell types into large blood vessds foUowing angioplastic surgery to control restmosis. 

SUMMARY OF THE INVENTION 

present invention relates to a novel discovery of human Jagged and of the role of 
Jagged-Notch in endothdtal cell migration and/or differmtiation, and to the determination that 
the signaling pathway produces disparate effects on the migration of large and small vessel 
endothelial cells. 

The invention provides a substantially purified Jagged protein, a peptide fi-ee of the 
proteins with which it is normally associated, particularly a human Jagged protein; it also 
provides a functionally equivalent derivative, or allelic or species variant thereof It further 
provides a peptide which has an amino acid sequence corresponding to SEQ ID N0:1. 
Moreover, the invention provides a protein which is charaaerized by the ability to bind to 
Notch. 

The invention provides a substantially purified nucleic acid molecule encoding a Jagged 
protein, particularly a human Jagged protein; it also provides a nucleic add molecule or DNA 
segment thweof mcoding a functionally equivalent derivative, or allelic or spedes variant 
thereof It further provides a nuddc acid sequence having a sequence corresponding to SEQ 
ID NO: 1 . Moreover, the invoition provides a nucleic acid sequence encoding a human protein 
which is characterized by the ability to bind to Notch. 

In addition, the invention provides a recombinant molecule comprising a vector and the 
nucleic acid sequence or segment thereof encoding the Jagged protein or functional portion 
thereof, particulariy the human Jagged protein. It also provide a host cell comprising the 
recombinant molecule comprising a vector and the nucleic add sequence or segment thereof 
encoding the Jagged protdn or fimctional portion thereof The invention further provides the 
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expression product of the recombinant molecule comprising a vector and the nudeic add 
sequoice encoding the Jagged protdn. 

Further, the invention provides a substantially purified, single-stranded, nucleic acid 
molecule comprising the antisense strand of the Jagged cDNA (y-Jagged), particulariy of the 
5 cDNA for the human Jagged protein; it also provides DNA segments which if read in the sense 
direction would encode a functionally equivalent derivative, or allelic or spedes variant thereof 
It also provides the nucleic add molecule comprising the antisense nucleotide sequence 
corresponding to the antisense strand of SEQ ID NO: 1. Moreover, the invention provides an 
antisense molecule ^^di is characterized by the ability to bind to Jagged, or a fimctionally 

10 equivalent derivative, or alldic or spedes variant thereof 

The invention also provides the polypeptide encoded by the nucleic add molecule 
comprising the antisense strand of the Jagged cDNA (y -Jagged), particularly of the dDNA for 
the human Jagged proteia It fiirther provides the polypeptide encoded by the antisense Jagged 
molecule, wherein the polypeptide has a binding affinity to, and inhibits the activity of Jagged. 

IS In addition, the invention provides an antibody having a binding aflSnity to Jagged, or 

a unique portion thereof 

It also provides a secondary antibody having a binding affinity to anti- Jagged, or a 
unique portion thereof 

The invention provides a method of decreasing the migration of endothelial cells to a 

20 ate on a micro-diameter blood vessd, comprising delivering a Jagged protein, or a fimctionaUy 
equivalent derivative, or alldic or species variant thereof, or a secondary anti- Jagged antibody 
to a site from which the endothdial cdls have been removed, damaged or substantially reduced. 
It also provides a method of decreasing the migration of endothelial cdls, particulariy human 
endothdial ceQs^ to a ate on a macro-diameter blood vessel, comprising delivering an antisense 

25 Jagged molecule (y-Jagged) or a Jagged antibody to a site from which the endothelial cells have 
been removed, damaged or substantially reduced. 

The invention provides a method of increasing the migration of endothelial cells, 
particulariy human endothdial cells, to a dte on a macro-diameter blood vessel, comprising 
ddivering a Jagged protdn, or a fimctionaUy equivalent derivative, or allelic or spedes variant 

30 thereof! or a secondary anti-Jagged antibody to a site firom which the endothelial cdls have been 
removed, damaged or substantially reduced. It also provides a method of increasing the 
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migration of endothdial cdls, paiticularty human endothelial cells, to a site on a niia-o*diameter 
blood vessel, comprising delivering an antisense Jagged molecule (y-Jagged) or a Jagged 
antibody to a ^te from which the endothdial cdls have been removed, damaged or substantially 
reduced. 

5 Moreover, the invention provides a m^od of decreasing the migration of smooth 

muscle cells, particularly human smooth muscle cells, to a site on a macro-diameter blood 
vessel, comfHising delivering an antisense Jagged molecule (y-Jagged) or a Jagged antibody to 
a ate fix>m which the endothdial cells have been removed, damaged or substantially reduced. 
The invention also provides a pharmaceutical composition con^rising a therapeutically 

10 effective amount of a Jagged protdn, or functionally equivalent derivative, or allelic or species . 
variant thereof particularly a human Jagged protein; and a pharmaceutically acceptable carrier. 
Also provided is a phannacratical composition compri^ng a therapeutically effective amount 
of a Jagged nuddc add, or fiinctionally equivalent derivative, or allelic or species variant 
thereof^ particularly a human Jagged nucleic acid; and a pharmaceutically acceptable carrier. 

15 In addition, the invention provides a pharmaceutical composition comprising a 

therapeutically effective amount of a Jagged antibody, or functionally equivalent derivative, or 
allelic or spedes variant thereof; and a pharmaceutically acceptable carrier. Also provided is 
a pharmaceutical compo^tion comprising a therapeutically effective amount of a Jagged 
antisense molecule, or fimctionally equivalent derivative, or aUdic or species variant thereof; 

20 and a pharmaceutically acceptable carrier. Further provided is a pharmaceutical composition 
comprising a therapeutically effective amount of an anti-Jagged antibody, or fijnctionaUy 
equivalent derivative, or alldic or spedes variant thereof; and a pharmaceutically acceptable 
carrier. 

The invention also provides a method of preventing or treating a disease or condition 
25 in a subject comprising administering to a subject in need of such prevention or treatment a 
therap^cally effective amount of a molecule which antagonizes, inhibits or prevents the 
fimction of the Notch protein; or comprising administering a therapeutically effective amount 
of a molecule which agonizes, enhances or stimulates the function of the Notch protein. It 
further provides a method of preventing or treating a disease or condition in a subject 
30 conq>risii% admirustering to a sulgect in need of such prevention or treatment a therapeutically 
effective amount of a molecule which antagomzes, inhibits or prevents the fimction of the 
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Jagged protein; or coiiq)rising administering a therapoitically efifective amount of a molecule 
wMch agonizes, enhances or stimulates the function of the Jagged protein. 

In addition, the invention provides a method of inhibiting or preventing angiogenesis in 
a subject comprising administering to a subject in need of such inhibition or prevention a 
S therapeutically efifective amount of Jagged or a Jagged agonist. The angiogenesis being 
inhibited or prevented comprises solid tumor angiogenesis, rheumatoid arthritic angiogenesis, 
inflammatory angiogenesis, and the like. The invention also provides a method of inhibiting or 
preventing restenosis of the lumen of a blood vessel, by repressing angiogmesis from the vaso 
vasonmi, and by promoting large vessel endothdial ceD migration to repair the lumen of a large 

10 blood vessel. These methods of inhibiting or preventing angiogmesis are provided in vivo 
and/or in vitro. Also provided are Jagged agonists comprising agents i^ch promote the 
expresaon of Jagged, induding fibrin and fimctionai derivatives thereof and pharmacologically 
acceptable chemicals, and Y*idiotypic Jagged antibodies. 

Moreover, the invention provides a method of promoting or enhancing angiogenesis in 

15 a subject comprising administering to a subject in need of such promotion or enhancement a 
therapajtically effective amount of anti- Jagged or a Jagged antagonist. The angiogenesis being 
promoted or enhanced comprises wound or injury repair angiogenesis, such as that which 
occurs in a wound or injury caused by surgery, trauma and/or disease or condition, including 
diabetes-related wounds or injuries. These methods of promoting or enhancing angiogenesis 

20 are provided in vivo and/or in vitro. Also provided are Jagged antagonists comprising Jagged 
antibodies, anti-sense Jagged, Jagged mutants and pharmacologically acceptable chemicals. 

The invention further pro>ddes a method for affecting cell diffea-entiation of ceUs 
oonq[)rising the mesoderm, endodenn, ectoderm and/or neurodmn. Also provided is a method 
for aflEbctiiig cdl differentiadon of ceUs, vdierein the cell types affected comprise hematopoietic 

25 stem cdls, epithelial cells, vascuUu- smooth muscle cells and dendritic cells. 

In addition, the invention provides a pharmaceutical composition used in any of the 
previously disclosed methods. 

Additional objects, advantages and novel features of the invention will be set forth in 
part in the description which follows, and in part will become apparent to those skilled in the 

30 art on examination of the following, or may be learned by practice of the invention. 
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BRIEF DESCRIPTION OF THE FIGURES 

Figure L Ilhistradon of the phenotypic alterations of HU\^C by cytokines. Early 
studies demonstrated that HUVEC populations are able to generate capiliary-like, lumen- 
containing structures when introduced into a growth-limited environment in vitro. However, 
5 exposure of an HUVEC population to polypeptide cytokines, such as and IFNy, as 
inducers of HUVEC differentiation in vitro, lead to an understanding that the precursor form 
of IL-la was responable for the induction of HUVEC senescence m vitro^ the only tmly 
terminal HUVEC phenotype identified to date. (PD = population doubling). 

Figure!. Ilhistration of the donuin structure of the Notch receptor &mily. (Numbers 

10 refer to the number of EGF repeats in the extracellular domain.) As indicated in this chart, in 
addition to the 36 EGF repeats within the extracellular domain of Notch 1, there is a cys-rich 
domain composed of three Notdi-Lin-Glp (NLG) repeats, followed by a cys-poor region 
between the transmembrane and NLG domain. The intracellular domain of Notch 1 contains 
sbc ankyrin/CdclO repeats positioned between two nuclear localization sequences (NLS). In 

IS the carboxy-terminal direction from this region is a polyglutamine^^rich domain (OP A) and a 
pro-glu-ser-thr (PEST) domain. Comparable structures are shown for Lin- 12 and Glp-L 

Figure 3. The Notch signaling pathway. The components of the Notch signaling 
pathway are illustrated, using the myoblast as an example. The Notch signaling pathway, when 
activated by Jagged in the endothelial cell, involves cleavage of the intracellular domain by a 

20 protease, nuclear trafficking of the Notch finagment and the interaction of this fragment with the 
KBFj/RBP-Jk transcription fector, a homolog of the Drosophila Suppressor of Hairless 
(SuOH)) gm^ which is a basic hdix-loop-hefix transcription &ctor involved in Notch signaling. 

Figure 4. Illustration of the domain structure of the Notch iigand frimily. (Numbers 
refer to the number of EGF repeats in the extracellular domain.) As indicated in this chart, 

25 although the intracellular domain of the Jagged gene contains a sequence with no known 
homology to intracellular re^ons of other transmembrane structures, the extracellular region 
of the gene contains a cys-ridi regjion, 1 6 epidermal growth factor (EGF) repeats, and a Delta- 
Serrate-Lag (DSL) domain, typical of comparable regions found in other genes including the 
Drosophila ligands. Serrate and Delta, and the C. elegans genes, Apx-1 and Lag-2. 
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Figure S. RT-PCR analysis of steady-state levels of Jagged, Notch 1 and Notch 2 
transcripts in HUVEC. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a 
positive control. 

Figure 6. Graphic representation of the effect of the antisense Jagged oligonucleotide 
S on BMBC sprout fonnation, as compared with the effect on three control oligomers, a Jagged 
sense oligonucleotide, a 3' antisense Jagged oligomer, and a mutated S* antisense Jagged 
oligom^. 

Figures 7A and 7B. Line graphs showing the effect of the antisense Jagged 
oligonucleotide on bovine endothdial cell migration. The effect on bovine microvascular 
10 endothelial cells (BA4EC) is shown on Figure 7A; the effect on bovine aorta endothelial cells 
(BAEC) is shown on Figure 7B. 

DESCRIPTION OF PREFERBED EMBODIMENTS OF THE INVENTION 
Definitions 

IS In the description that follows, a number of terms used in the claims as well as in 

recombinant DNA technology are extensively utilized. In order to provide a clear and 
consistent understanding of the specification and claims, including the scope to be given such 
claims, the following definitions are provided. 

DNA segment A DNA segment, as is generally understood and as used herein, refers 

20 to a molecule compri^g a linear stretch of nucleotides wherein the nucleotides are present in 
a sequence that encodes, through the genetic code, a molecule compri^g a linear sequence of 
amino acid residues that is refenred to as a protein, a protein firagment, or a polypeptide. 

Gene. A DNA sequence related to a single polypeptide chain or protein, and as used 
herein includes the S* and 3' ends. The polypeptide can be encoded by a fiiU-length sequence 

25 or any portion of the coding sequence, so long as the fiinctional activity of the protrin is 
retained. 

A "complimentary DNA** or "cDNA** gene includes recombinant genes synthesized by 
reverse transcription of messenger RNA (**mRNA**) lacking intervening sequences (introns). 
Stnictund gene. A DNA sequence that is transcribed into mRNA that is then translated 
30 into a sequence of amino acids characteristic of a specific polypeptide. Typically the first 
nucleotide of the first translated codon is numbered +1, and the nucleotides are numbered 
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consecutively with positive int^ers throu^ the translated region of the structural gene and into 
the 3* untranslated region. The numbing of the nucleotides in the promoter and regulatory 
region 5* to the translated region proceeds consecutively with negative int^ers with the 5' 
nucleotide next to the first translated nucleotide being numbered -1 . 

Gel electrophoresis. To detect determine the size of particular DNA fragments, the 
most conrunon techiuque (although not the only one) is agarose gel dectrophore^s, which is 
based on the principle that DNA molecules migrate through the gd as though it were a sieve 
that retards the movement of the largest molecules to the greatest extend, and the movement 
of the smallest molecules to the least extent. The fi:actionated molecules can be visualized by 
staining, permitting the DNA fragments of a genome to be visualized. However, most 
genomes, induding the human genome, contain too many DNA sequences to produce an easily 
visualized pattern. Thus, a methodology referred as "Southern hybridization" (or "blotting") 
is used to visualize small subsets of fragments. By this procedure the fractionated DNA is 
physically transferred onto nitrocellulose fiker paper or another appropriate surfece using 
recognized methods. Note that RNA fragments can be similarly visualized by the "northern 
blot" process, 

Nuddc add hybridization. This process depends on the principle that two single- 
stranded molecules that have complimentary base sequences wiU reform into the 
thermodynamically favored double-stranded configuration ("reanneal") if they are nuxed in 
solution under the proper conditions. The reannealling process will occur even if one of the 
single strands is immobilized. 

Hybridization probe. To visualize a particular DNA sequence in the hybridization 
procedure, a labded DNA molecule or hybridization probe is reacted to the fractionated nucldc 
add bound to die nitrocdlulose filter. The areas on the filter that cany nucldc add sequences 
con^lementaiy to the labded DNA probe become labded themsdves as a consequence of the 
reannealing reaction. The areas of the filter that exhibit such labeling are visualized. The 
hybridization probe is generally produced by molecular cloning of a specific DNA sequence. 

Oligonucleotide or Oligomer. A molecule comprised of two or more 
deoT^ribomideotides or ribonudeotides, pr^rably more than three. Its exact size will depend 
on many factors, whid> in turn depend on the ultimate fiinction or use of die oligonucleotide. 
An oligonucleotide may be derived synthetically or by cloning. 
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Sequence Amplification. A method for generating large amounts of a target sequence. 
In gmeral, one or more amplification primers are annealed to a nucleic add sequence. Using 
appropriate enzymes, sequences found adjacent to, or in between the primers are amplified. 

Amplification primer. An oligonucleotide which is capable of annealing adjacent to a 
5 target sequence and serving as an initiation point for DNA synthesis when placed under 
conditions in which synthesis of a primer extension product which is complementary to a 
nucleic acid strand is initiated. 

Vector. A plasmid or phage DNA or other DNA sequence into which DNA may be 
inserted to be doned. The vector may replicate autonomously in a host cell, and may be further 
10 characterized by one or a small number of endonuclease recognition sites at which such DNA 
sequences may be cut in a determinable fashion and into which DNA may be inserted. The 
vector may further contain a marker suitable for use in the identification of cells transformed 
with the vector. The words "cloning vehicle" are sometimes used for "vector/' 

Expression. Expression is the process by which a structural gene produces a 
IS polypeptide. It involves transcription of the gene into mRNA, and the translation of such 
inRNAinto polypeptide(s). 

Expression vector. A vector or vehicle similar to a cloning vector but which is capable 
of expressing a gene whidi has been doned into it, after transformation into a host. The doned 
gene is usually placed under the control of (i.e., operably linked to) certain control sequences 
20 such as promoter sequences. Expres^on control sequences will vary depending on whether the 
vector is desgned to express the operably linked gene in a prokaryotic or eukaryotic host and 
may additionally contain transcriptional dements such as enhancer dements, termination 
sequences, tissue-spedficity elements, and/or translational initiation and termination sites. 

Functiorud derivative. A "fimctional derivative" of a sequence, dther protein or nucleic 
25 acid, is a molecule that possesses a biological activity (dther functional or structural) that is 
substantially simflar to a biological activity of the protein or nucleic acid sequence. A fiinctional 
derivative of a protdn may or may not contain post-translational modifications such as 
covalently linked carbohydrate, dq>ending on the necessity of such modifications for the 
performance of a specific function. The term "fimctional derivative" is intended to include the 
30 "fragments," "segments," "variants," "analogs," or "chemical derivatives" of a molecule. 
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As used herdn, a molecule is said to be a "chemical derivative" of another molecule 
when it contains additional chemical moieties not normally a part of the molecule. Such 
moiedes may improve the molecule's solubility, absorption, biological half life, and the like. The 
moieties may alternatively decrease the toxicity of the molecule, eliminate or attenuate any 
undesirable side effect of the molecule, and the Uke. Moieties capable of mediating such effects 
are disdosed in Remington's Pharmaceutical Sciences (1980). Procedures for coupling such 
moieties to a molecule are wdl known in the art. 

Variant. A "variant" or "aOelic or spedes variant" of a protein or nucleic add is meant 
to refer to a molecule substantially similar in structure and biological activity, to either the 
protein or nuddc add. Thus^ provided that two molecules possess a common activdty and may 
substitute for each other, they are considered variants as that term is used herdn even if the 
composition or secondary, tertiary, or quatoiiary structure of one of the molecules is not 
identical to that found in the other, or if the amino add or nucleotide sequence is not identical. 

Substantially pure. A "substantially jHire" protein or nucleic add is a protein or nucleic 
add prq}aration that is generally lacking in other cellular components with which it is normally 
associated in vivo, 

Ligand. "Ligand" refers to any protein or proteins that may interact with a receptor 
binding domain, thus having a "binding affinity" for such domain. Ligands may be soluble or 
membrane bound, and they may be a naturally occurring protdn, or synthetically or 
recombinantly produced. The ligand may also be a nonprotdn molecule that acts as ligand 
when it interacts with the receptor binding domain. Interactions between the ligand and 
receptor binding domdn include, but are not limited to, any covalent or non-covalent 
interactions. The receptor binding domain is any region of the receptor molecule, e.g. Notch, 
that interacts directly or indhwtly with the ligan4e.g..Ja If the Notdi-Jagged interaction 
acts as an on-off switch. Jagged may provide the receptor binding domain, and Notch or a 
component produced as a result of the Notch- Jagged interaction may act as the ligand. 

"Antisense nuddc arid sequence," '^antisense sequence," "antisense DNA molecule" or 
"antiscnse gerw" refer to pseudogenes whid) are constructed by reversing the orientation of the 
gene with regard to its promoter, so that the antisense strand is transcribed. The term also 
refers to the antisense strand of RNA or of cDNA which compliments the su^nd of DNA 
encoding the protdn or pq)tide of interest. In dther case, when introduced into a cell under 
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the control of a promoter, the anti-sense nucleic acid sequence inhibits the synthesis of the 
protein of interest from the endogenous gene. The inhibition appears to depend on the 
fonnation of an RNA-RNA or cDNA-RNA duplex in the nucleus or in the cytoplasm. Thus, 
if the antisense gene is stably introduced into a cultured cell, the normal processing and/or 
S transport is affected if a sense-antisense duplex forms in the nucleus; or if antisense RNA is 
introduced into the cytoplasm of the cell, the expression or translation of the endogenous 
product is inhibited. Such antisense nucleic acid sequences may further include modifications 
which could afifect the biological activity of the antisense molecule, or its manner or rate of 
expression. Such modifications may also include, e.g.. mutations, insertions, deletions, or 

10 substitutions of one or more nudeotides that do not affect the function of the antisense 
molecule, but which may affect intracellular localization. Modifications include, but are not 
limited to, S-fluorouradl, S-bromouradl, 5*chlorouracil, S-iodouracil, hypoxanthine, xanthine, 
4-acetylcytoane, S-(caiboxyhydroxmethyl uracil, S-carboxyhydroxmethyU2-thiouridine, S- 
carboxymethylaminomethyl uracil, dihydrouracil, beta-D-galactosylqueosine, inosine, N6- 

15 isopentyladenine, 1-methylguanine, 1-methyinosine, 2,2dimthylguanine, 2-methyladenine, 2- 
methylguanine, 3-methylcytosine, 5-methylcytosine, N6-adenine, 7-methylguanine, 5- 
methylaminomethyluradl, 5-methylaminomethyl-2-thioracil, beta-D-mannosylqueosine, 5 - 
methoxycarboxymethyluradl, 5-methyluracil, 2-methyIthio-N6-isopentenyladenine, uracil- 
Soxyacetic add, wybutoxosine, pseudouracil, queosine, 2-thiocytosine, 5-methyl-2-thi6uracil, 

20 2-thiouradl, 4-thiouracil, S-metl^luradl, uradl-S-oxyacetic acid methylester, uracil-S^xyacetic 
acid, S-methy-2-thiouracil, 3-(3-amino-3-N-2-carboxpropyl) uracil, and 2,6-diaminopurine. 

The nuddc add sequence may determine an uranterrupted antisense RNA sequence or 
it may indude one or more introns. The antisrase Jagged molecule(s) of the present inyention 
are referred to as y-Jagged. 

25 Steady-state levd. The term refers to a stable condition that does not change over time, 

or the state in which change in one direction or production of a component is continually 
balanced by a compensatory change in another. 

Preferred Embodiments 

30 Angiogenesis, or the formation of new blood vessels, plays a central role in a number 

of physiologic and pathologic conditions, including placental development, wound healing. 
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rheumatoid arthritis, diabetic retinopathy and solid tumor growth and metastasis. Endothelial 
cells comprise a monolayer lining the luminal surfece of all blood vessels, thereby playing a 
central role in this process. In vitro populations of widothelial cells isolated from both large 
vessels and mio-ovessels can be induced to mimic this differentiation process by forming a 
capillary-like network. Three-dim^ional fibrin gds have been used to mimic angiogenesis, 
as an in vitro corollaiy of the in vivo phenomenon since endothelial cells invade blood clots in 
the process of wound repair. 

Cdlular differentiation is a well documented process in vitro, generally requiring a 
tiansaiptional component for induction. However, in contrast to most cell types, endothelial 
cell differentiation has been shown to be reversible. Digestion of the endothelial cellular 
networks formed m vitro, and subsequent culture of the cells in the presence of FGF-1 causes 
them to revert to an undifferentiated phenotype (see, e.g., Maciag et aL, •/. Cell BioL 94:S\ 1- 
520 (1982)), However, endothelial cell differentiation has also been shown to have a 
transcriptional basis. &idothelial cell (HUVEC) organization into a cellular network has been 
shown to be associated with an increase in the transcript encoding fibronectin, and a decrease 
in the transcript encoding sis, which reverses when the cellular network is digested with 
proteases and the cells revert to the proliferative phenotype {see e.g., Jaye et aL, Science 
22«:882"885 (1985)). 

HUVEC arc capable of two different behaviors, both of which are termed 
"differentiation." The first is the formation of a two dimensional network uivolving cell 
elongation, anastomosis and brandling that does not require transcription and translation, but 
requires post-translational modification. The second is a more complex three-dimensional 
process resulting in a capillary network containing lumens, which Zimrin et al. (1995) have 
shown requires both transcriptional and post-translational events. In addition, Zimrin ei al 
(1995) has defined the modified diflferential display technique as applied to endothelial cells and 
demonstrated that it is a very usefijl method of isolating transcripts which are differentially 
expressed as endothelial cells differentiate. 

Thus, in the present invention, using a modification of the differential display method, 
the human homolog of tfie Jagged ligand for the Notch receptor has been isolated from human 
umbilical vdn endotiielial cells (HUVEC) invading a fibrin gel. The addition of an antisense 
Jagged oligonucleotide to bovine microvascular endothelial cells on collagen resulted in a 
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marked increase in thdr invaaon into the collagen gd in response to FGF-2. However, while 
the antisense Jagged oligonucleotide of the present invention was also able to increase the 
migration of bovine microvascular endothelial cells on fibronectin, the oligonucleotide 
significantly decreased the migration of bovine endothelial cdls d^ved from the aorta, 
5 suggesting a divergence in the medumism utilized by two different endothelial cell populations 
to respond to the Notch signaling system. 

The distinction between microvascular and large vessel endothelium is well recognized 
as a part of the hetonogeneity of the vascular endothelium in general and this is reflected in the 
properties of endothdial ceUs from different sources in cell culture (Carson and Haudenschfld, 
10 In Vitro 22:344-354 (19S6)), and in organ-specific expression of different adhesion molecules, 
cell sur&ce glycoproteins and lectin-binding sites (Gurakowski et aL, Blood Vessels 24:11 
(1987)). 

Briefly, to identify the molecular events necessary in the process of angiogenesis, a 
modified differ^ttiai display procedure was used to isolate messages that were differentially 

15 expressed in HUVEC plated on fibrin in the presence of FGF-1 over the course of 24 hours. 
As described in Example 2, one of the cDNAs that was amplified at 2 hours, and which was 
found to be highly homologous to the rat Jagged transcript was identified as an isolate of the 
human Jagged homolog. The putative protein sequence of the present invention includes a 
signal peptide, a DSL domain shared by the Notch ligands Delta, Serrate, LAG-2 and APX-1, 

20 16 tandem epidermal growth factor-like repeats, a cysteine-rich region, a transmembrane 
domain and a 12S base pair cytoplasmic tail. The 5* end of the sequence of the human Jagged 
isolate corresponds to position 417 of the rat sequence, at the eleventh codon of the predicted 
21 residue signal peptide. 

To investigate the role of Jagged and Notch in endothelial cell bdiavior, reverse 

25 transcription and polymerase chain reaction amplification (RT-PCR) was used to evaluate the 
steady-state message levels of Jagged and two related Notch proteins, human TAN-1 and 
human Notch group protein, in human endothelial cells on fibrin (Figure S). Although the 
Jagged message was found to be up-regulated in populations of HUVEC exposed to fibrin at 
the 3 hour timepoint, the message levels of the two Notch proteins was not changed over the 

30 course of 24 hours. Thus, it is shown in the present invention that the human endothelial cell 
population is capable of expressing both the Jagged ligand and the Notch receptor, indicating 
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that the human mdothelial cell is completing an autocrine signal using the Notch signal 
transduction pathway. The data do not distinguish, however, between a homogenous 
population expressing both Notch and Jagged proteins, or heterogeneous subpopulations of 
endothelial cells that display Notch, Jagged, both or neither protein, 

5 Therefore, to delineate a functional role for Jagged, an antisense Jagged oligonucleotide 

was designed in the present invention, which encompassed the Kozak consensus region, the 
ATG start codon and the next three codons of the rat Jagged cDNA sequence. Similar 
strate^es have previously proved usefiil as a means of repressing the translational efficiency of 
a wide variety of transcripts in vitro (see, Scanlon et al, FASEB J. 9: 1288-1296 (1995); Maier 

10 etai, 1990b). 

Because endothelial cell migration is an important component of angiogenesis, 
endothelial cell behavior was evaluated under conditions of sprout formation (Montesano and 
Orci, Ce//«:469-477 (1985)) and migration (Sato and Rifkin, 7. CellBiol 707:1199-1205 
(1988)). The addition of the oligonucleotide to bovine microvascular endothelial cells plated 

15 on collagen at varying concentrations resulted in an oligonucleotide-induced dose-dependent 
increase in the total length of sprout formation observed in response to the addition of FGF-2 
(Figure 6). The addition of several control oligonucleotides, including a sense oligonucleotide 
covering the same sequence, a 5' antisense oligonucleotide with every third base mutated, and 
a random oligonucleotide, had no eifect on the total length of sprout formation (Figure 6). 

20 Thus, the addition of the antisense Jagged oligonucleotide significantly enhanced endothelial 
cdl sprout formation beyond the level achieved by FGF-2. 

These data wm unusual ance endothelial cell sprout formation requires cell migration 
as a component, and the Jagged cDNA had been isolated from a human endothelial cell system 
where migration into the fibrin clot also occurs. Consequently, the effect of the antisense 

25 Jagged oligonucleotide was studied on capillary and large vessel endothelial cell migration, 
respectively. It was found that while a bovine microvascular endothelial cell population 
exhibited a significant dosenlependent increase in their migration in the presence of the Jagged 
antisense oligonucleotide (Figure 7A), the migration of bovine aorta endothelial cells was 
significantly attenuated in a dose-dependent fashion by the antisense Jagged oligonucleotide 

30 (Figure 7B). Thus, the ability of Jagged-Notch signaling to modify endothelial cells was 
dependent upon the anatomic source of the endothelial cells. 
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Since the endothelial cdls studied were from both large and small vessels responded 
to the antisense Jagged oligomideotide in a disparate manner, and both cdlular populations are 
likely to express the Notch receptor, the difference in thdr response to the Jagged antisense 
oligonucleotide indicates for the first time that there are differences between large and snudl 

5 vessels in the Notdi signaling pathway. Although it has been documented that cells isolated 
from small vessels are able to undergo the phenotypic changes characteristic of capillary 
fonnation more readily than endothelial cells isolated from large vessds (Ingber and Folkman, 
y. Cell Biol. 709:317-330 (1989)), the novel response to the Jagged antisense oligonucleotide 
disclosed in the present invention represents the first demonstration of an effect not only 

10 different in degree but also in direction. 

The present embodiments fiirther demonstrate that the addition of exogenous Jagged 
(or enhanced expression of Jagged) produces an effect opposite to that seen in Examples S-7. 
In other words, the addition ot increased expression of Jagged will decrease the migration and 
invasion of microvascular cells fix)m the vaso vasonim, and increase or stimulate the migration 

IS of large vessel endothelial cells. 

The clinical importance of the disparate effect of the Jagged-Notch signaling pathway 
on the macro- and micro-diameter blood vessels is significant, offering a solution to many 
aspects of vascular pathophysiology. For example, the morbidity and mortality from 
hypertension is deaily based on the disease of the large vessels (atherosclerosis and stroke), but 

20 in the major forms of hypertension, the actual cause for elevated blood pressure lies in the 
peripheral vascular beds (arterioles and microvasculature) (Chobanian et al, Hypertension 
^:1S-21 (1986)). The presently defined compositions and methods may resolve the previously 
unanswered question of how hypertension could be directly rdated to the aortic intima and 
atherosclerosis, and vice versa, how known atherogenic risk fitctors could affect the 

25 microvascular endothelium (Chan et al. Microvasc. Res. 18353-369 (1979)). 

Moreover, the presently embodied compositions and methods are usefiil for the 
modification of a post-angioplasdc situation, when one or more large coronaiy vessel have been 
stripped of their endothelial cdl lining. One of the most seriws complications limiting the value 
of the angioplastic procedure is the occurrence of restenosis or the rapid migration and 

30 proliferation of smooth muscle cdls, monocytes/macrophages, platelets, and endothelium at the 
wound site resulting in a reocclusion of the vessel that may be more extensive than before 
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treatment (see numerous review articles on the subject, e.g., Schwartz et aL, Atherosclerosis 
7:107-161 (1981)). However, treating the wounded or injured area with a therapeutic amount 
of additional recombinant Jagged protein, or a functionally equivalent drug or protdn having 
the abifity to agnal Notdi, will prevent or inhibit reocclusion by increasing the migration of the 
large vessel endothelial cells on the borders of the lesion into the denuded area to cover the 
lesion, while also decreasing emergence of the micro-vascular cells (smooth muscle, 
endothelial, macrophage, etc) from the vaso vasorum and providing the nutrient microvessels 
or sprouts to supply the proliferating smooth muscle cells. 

In a preferred embodiment, the present invention provides highly purified Jagged 
protein. As used herein, a protein is said to be highly purified if the protdn possesses a specific 
activity that is greats than that found in whole cell extracts containing the protein. 

Any oikaryotic organism can be used as a source of Jagged, or the genes encoding 
same, as long as the source organism naturally contains the ligand or its equivalent. As used 
herein, "source organism" refers to the original organism fi-om which the amino acid or DNA 
sequence is derived, regardless of the organism the ligand is expressed in or ultimately isolated 
from. For example, a human is said to be the "source organism" of Jagged expressed by an 
insect expression system as long as the amino add sequence is that of human Jagged. The most 
preferred source organism is human. 

A variety of methodologies known in the art can be utilized to obtain the Jagged 
proteins of the present invention. In one embodiment, the Jagged is purified from tissues or 
cells which naturally produce it, such as HUVEC. One skilled in the art can readily follow 
kiK>wn methods for isolating proteins in order to obtain the Jagged protein. These include, but 
arc not limited to, immunodiromotography, size-excludon chromatography, ion-^change 
chromatography, aflSnity chromatography, HPLC, and the methods set forth by example in the 
present disclosure. One skilled in the art can readily adapt known purification schemes to delete 
certain steps or to incorporate additional purification procedures. 

In another embodiment, the ligand is purified from cells which have been altered to 
express the desired protein. As used herein, a cell is said to be "altered to express a desired 
protein" when the cell, through genetic manipulation, is made to produce a protein which it 
normally does not produce, or which the cell normally produces at low levels. One skilled in 
the art can readily adapt procedures for introducing and expressing either genomic or cDNA 
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sequences into either eukaryotic or prokaryotic cells, in order to generate a cell which produces 
the desired protein. 

There are a variety of source organisms for DNA encoding the desired protein. The 
more preferred source is the endothelial cell. The most preferred source is the human 

5 endothelial cell. The embodied methods are readily adapted to use of an HUVEC population 
as a model to be evaluated in comparison with HU artery (A) EC and human cells obtained 
from other anatomic sites. These include human adipose-derived microvascular endothelial 
cells (HMEC), human dermis-derived capillary endothelial cells (HCEC) and human saphenous 
vdn (HSVEC) and artery (HSAEC). Many human endothelial cell populations are readily 

10 available from commercial (HMEC and HCEC) and academic sources (HSVEC and HSAEC; 
Dr. Nfichael Watkins, Dept. of Surgery, Boston University, and HUAEC; Dr. Victor van 
Hinsbergh, Gabius Institute, Netheriands). 

In yet another embodiment, since probes are available which are capable of hybridizing 
to Jagged, DNA sequences encoding the desired nucleic acid sequence encoding the protein of 

IS interest can be obtained by routine hybridization and selection from any host which possesses 
these receptors. A nucleic acid molecule, such as DNA, is said to be "capable of expressing" 
a polypeptide if it contains nudeotide sequences which contain transcriptional and translational 
regulatory information and sudi sequences are "operably linked" to nucleotide sequences which 
encode the polypeptide. An operable linkage is a linkage in which the regulatory DNA 

20 sequences and the DNA sequence sought to be expressed are connected in such a way as to 
permit gene sequence expres^oa The precise nature of the regulatory regions needed for gene 
sequence expression may vary from orgaiusm to organism, but shall in general include a 
promoter region wtuch, in prokaryotes^ contains both the promoter (which directs the initiation 
of RNA transcription) as well as the DNA sequences which, when transcribed into RNA, will 

25 signal the initiation of protein synthesis. Such regions will normally include those S'*non- 
codtng sequences invoh^ed with initiation of transcription and translation, such as the TATA 
box, capping sequence, CAAT sequence, and the like. 

If desired, the non-coding region 3' to the gene sequence encoding Jagged may be 
obtained by the above-described methods. This region may be retained for its transcriptional 

30 termination r^ulatory sequences, such as termination and polyadenylation. Thus, by retaining 
the 3'*region naturally contiguous to the DNA sequence encoding Jagged, the transcriptional 
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termination signals may be provided. Where the transcriptional termination signals are not 
satisfactorily functional in the e;q>ression host cell, then a 3 ' region fiincdonal in the host cell 
may be substituted. 

Two DNA sequences (such as a promoter region sequence and the Jagged encoding 
S sequence) are said to be operably linked if the nature of the linkage betwe^ the two DNA 
sequences does not (1) result in the introduction of a frame-shift mutation, (2) interfere with 
the ability of the promoter region sequmce to direct the transcription of the Jagged gene 
sequence, or (3) intetfeiie with the abiUty of the Jagged gene sequence to be transcribed by the 
promote region sequence. Thus, a promoter regjon would be operably linked to a DNA 
10 sequence if the promoter were capable of effecting transcription of that DNA sequence. To 
express Jagged, transcriptional and translational signals recognized by an appropriate host are 
necessary. 

In another anbodiment, the nucleic acids sequences of the present invention are under 
controlled expression by the animal or human patient. In the alternative, the nucleic acids 

15 sequences are administered to the patient in need of gene therapy, intravenously, 
intramuscularly, subcutaneously, enterally, topically, parenterally or surgically. When 
administering the nucleic adds by injection, the administration may be by continuous 
administration, or by single or multiple administrations. The gene therapy is intended to be 
provided to the redpient mammal in a "phannacologjcally or pharmacajtically acceptable fonn" 

20 in an amount sufiBcient to "therapeutically effective." The nuceic acid is said to be in 
"pharmaceutically or pharmacologically acceptable fonn" if its administration can be tolerated 
by a redpient patient. An amount is said to be "therapeutically effective" (also referred to here 
and elsewhere as "an efifective amount**) if the dosage, route of administration, etc., of the agent 
are su£Bdent to affect a response to Jagged. The nucleic add is considered to be in 

25 "pharmaceutically or pharmacologically acceptable form" if its administration can be tolerated 
by a redpient patient. 

The present invention further encompasses the expression of the Jagged protein (or a 
functional derivative thereof) in either prokaryotic or eukaryotic cells. Preferred prokaryotic 
hosts include bacteria such as K coli. Bacillus, Streptomyces, Pseudomonas, Salmonella, 

30 Serratia^ etc. Under sudi conditions, the Jagged will not be ^ycosylated. The prokaryotic host 
must be compatible with the replicon and control sequences in the expression plasmid. 
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Howevo-, prokaiyottc systems may not pmve efficacious for the expression of a soluble 
Jagged ligand, since the protdn of interest contains 1048 residues encompassing residue 22 
(after the sigrxal sequence) to residue 1069 (prior to the transmembrane domain). While 
prokaryotic expres^on systems, eg,, pET3c, have been used to express high molecular weight 
S protdns, such as a biologically active (molecular waght (M,) - 11 8 kDa) FGF- 1 :P-gaiactosidase 
chimera (Shi et al., submitted to J. Biol. Chem,, 1996), successful folding and disulfide bond 
formation for the nuiltiple EGF repeats (three disulfide bonds per EGF repeat) in the Jagged 
sequence may be difficult to acconqplish in bacteria. 

Nevertheless, to e)q>ress Jagged (or a fiinctioiud derivative thereof) in a prokaryotic ceil, 

10 it is necessary to operably link the Jagged coding sequence to a functional prokaryotic 
promote. Such promoters may be either coiutitutive or, more preferably, regulatable (i.e., 
inducible or derepressible). Examples of constitutive promoters include the int promoter of 
bacteriophage X, the bla promoter of the P-lactamase gene sequence of pBR322, and the CAT 
promoter of the diloramphenicol acetyl transferase gene sequence of pPR32S, etc. Examples 

15 of indudble prokaryotic promote mclude the major right and left promoters of bacteriophage 
X ^ Pr)> irp, recA, ktcZ, lad, and gal promoters of £ coli, the a-amylase (Ulmanen, 
I., et al, J. BacterioL 752:176-182 (1985)) and the ^-28-speciBc promoters of A subtilis 
(Gtlman, M.Z., etal.. Gene sequence 32: 1 1-20 (1984)), the promoters of the bacteriophages 
of Bacillus (Gryczan, T. X, In: The Molecular Biology of the Bmilli, Academic Press, Inc. , NY 

20 (1982)). and Strepiomyces promoters (Ward, J.M., et al., Mol Gen. Genet 2(?i:468-478 
(1986)). &e oto reviews by Gfick,B.R., {1 Ind Microbiol. 7:277-282 (1987)); Cenatiempo, 
Y. (Biochimie <»:505-516 (1986)); and Gottesman, S. {Ann. Rev. Genet 75:415-442 (1984)). 

Proper expresaon in a prokaryotic cell also requires the presence of a ribosome binding 
site upstream of the gene sequence-encoding sequence. Such ribosome binding sites are 

25 disclosed, for example, by Gold, L., et al {Ann. Rev. Microbiol 55:365-404 (1981)). 

Preferred eukaryotic hosts include yeast, fimgi, insect cells, mammalian cells, either in 
vivo or in tissue culture. Mammalian cells which may be usefiil as hosts include HeLa cells, 
cells of fibroblast origin such as VERO or CHO-Kl, or cells of lymphoid origin, such as the 
hybridoma SP2/0-AG14 or the myeloma P3x63Sg8, and their derivatives. Preferred 

30 mammalian host cdls indude SP2/0 and J558L, as wdl as neuroblastoma cell lines such as IMR 
332 that may provide better capadties for correct post-translational processing. 
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For a mammalian host, several possible vector systems are available for the expression 
of Jagged. A wide variety of transcriptional and translational regulatory sequences may be 
employed, depending upon the nature of the host. The transcriptional and translational 
regulatory signals may be derived from viral sources, such as adenovirus, bovine papilloma 
virus. Simian virus, or the like, where the regulatory signals are associated with a particular 
gene sequence whidi has a high levd of expression. Alternatively, promoters from mammalian 
esqyression products, such as actin, collagen, myosin, etc., may be employed. Transcriptional 
initiation regulatory signals may be selected which allow for repression or activation, so that 
expression of the gene sequences can be modulated. Of interest are regulatory signals which 
are temperature-sen^tive so that by varying the temperature, expression can be repressed or 
initiated, or are subject to chemical (such as metabolite) regulation. 

Yeast e7q)ression systems can also cany out post-translational peptide modifications. 
A number of recombinant DNA strategies exist which utilize strong promoter sequences and 
high copy number of plasmids which can be utilized for production of the desired protdns in 
yeast. Yeast recognizes leader sequences on cloned mammalian gene sequence products and 
secretes peptides bearing leader sequences (/.e., pre-peptides). Any of a series of yeast gene 
sequence expression systems incorporating promoter and termination elements from the actively 
expressed gene sequences coding for glycolytic enzymes produced in large quantities when 
yeast are grown in mediums rich in glucose can be utilized. Known glycolytic gene sequences 
can also provide very efficient transcriptional control signals. For example, the promoter and 
terminator signals of the phosphoglycerate kinase gene sequence can be utilized. 

The more preferred host for a protein the size of lagged is insect cells, for example the 
Drosophila larvae. Using insect cells as hosts, the I>asophila alcohol dehydrogenase promoter 
can be used (see. e.g., Rubin, G.M., Science 2^0:1453.1459 (1988)). 

The baculovirus insect cell expression system is the most preferred system for 
expresang the soluble Jagged construct (residues 1-1069) as a carboxy-terminal triple tandem 
myc-ejritope repeat:glutathione-S-transferase (GST) fusion protein chimera, using conventional 
PCR methods (Zhan et aL, 7. Biol Chem. 2(J9:2022 1-20224 (1994)). These include the use 
of recombinant circle PCR to synthesize the soluble lagged-Myc-QST construct (sJMG), the 
preparation and expression of the recombinant virus, AcNPV-GsJ in Sf9 cells (Summers and 
Smith (1988) A Maniial of Methods for B amlnvinjs Vectors and Insect Culture Procedures 
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(Texas Experimental Station Bulletin #1SSS)X the use of GST affinity chromatography (Zhan 
et al,^ 1994) and reversed phase or ion exchange HPLC to purify the recombinant protein from 
Si9 cell lysates and M yc immunoblot analysis to monitor the purification and assess the purity 
of the sJMG protein. 

The sJMG construct may not only prove to be valuable for the baculovirus expression 
system, but also as a construct for the expression of a secreted and soluble extracellular Jagged 
ligand in mammalian cells for implantation in vivo. Thus, the sJM construct - lacking the GST 
fusion domain - may be inserted into the pMEXneo vector and stable NIH 3T3 cell 
transfectants obtained following selection with G418 as described (Zhan et al, Biochem. 
Biophys. Res. Commun. 7*5:982-991 (1992). Moreover, baculovirus vectors can be 
engineered to express large amounts of Jagged in insect cells (Jasny, B.R., Science 238\\6S3 
(1987); Miller, D.W., etaL, in Genetic Engineering (1986), Setlow, J.K., et aL, eds.. Plenum, 
Vol. 8, pp. 277-297). 

As discussed above, expression of Jagged in eukaryotic hosts requires the use of 
eukaryotic regulatory regions. Such regions will, in general, include a promoter region 
suflBdent to direct the initiation of RNA synthesis. Preferred eukaryotic promoters include: the 
promoter of the mouse metallothionein I gene sequence (Hamer, D,,etal,,X Mol. Appl Gen. 
7:273-288 (1982)); the TK promoter of Herpes vims (McKnight, S., Cell 57:355-365 (1982)); 
the SV40 early promoter (Benoist, C, et aL, Nature (London) 290:304-3 10 (1981)); the yeast 
gal4 gene sequence promoter (Johnston, S. A., et aL, Proc. Natl AccuL ScL (USA) 79:6971* 
6975 (1982); Silver, P.A., et aL, Proc. Natl Acad Sd. (USA) 57:5951-5955 (1984)). 

As is widely known, translation of eukaryotic mKNA is initiated at the codon which 
encodes the first methionine. For tMs reason, it is preferable to ensure that the linkage between 
a eukaiyotic promoter and a DNA sequence which encodes Jagged (or a fimctional derivative 
thereoQ does not contain any intervening codons which are capable of encoding a methionine 
(i.e., AUG). The presence of such codons results dther in a formation of a fusion protein (if 
the AUG codon is in the same reading frame as the Jagged coding sequence) or a frame-shift 
mutation Cif the AUG codon is not in the same reading frame as the Jagged coding sequence). 

The Jagged coding sequence and an operably linked promoter may be introduced into 
a recipient prokaiyotic or eukaryotic cell either as a non-replicating DNA (or RNA) molecule, 
whidi may either be a linear molecule or, more preferably, a closed covalent circular molecule. 
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Since such molecules are incapable of autonomous replication, the expression of the Jagged 
may occur through the transient expression of the introduced sequence. Alternatively, 
permanent expression may occur through the integration of the introduced sequence into the 
host chromosome. 

S In one embodiment, a vector is employed which is capable of integrating the desired 

gene sequences into the host cell chromosome. Cells which have stably integrated the 
introduced DNA into their chromosomes can be selected by also introducing one or more 
markers ^v^ch allow for selection of host cells which contain the expression vector. The 
maiker may provide for prototrophy to an auxotrophic host, biodde resistance, e.g., antibiotics, 

10 or heavy metals, such as copper, or the like. The selectable marker gene sequence can either 
be direcdy linked to the DNA gene sequences to be expressed, or introduced into the same cell 
by co-transfection. Additional elements may also be needed for optimal synthesis of single 
chain binding protein mRNA. These elements may include splice signals, as well as tran- 
scription promoters, enhancers, and termination signals. cDNA expression vectors 

15 incorporating such elements inchide those described by Okayama, H., Molec. Cell. Biol. 3:280 
(1983). 

In a pr^erred embodiment, the introduced sequence will be incorporated into a plasmid 
or >dral vector capable of autonomous replication in the recipient host. Any of a wide variety 
of vectors may be employed for this purpose. Factors of importance in selecting a particular 

20 plasmid or viral vector inchide: the ease v^th which recipient cells that contain the vector may 
be recognized and selected from those recipient cells which do not contain the vector; the 
number of copies of the vector wluch are deared in a particular host; and whether it is desirable 
to be able to ''shuttle" the vector between host cells of different spedes. 

Preferred prokaryotic vectors include plasmids, such as those capable of replication in 

25 E. coli (such as, for example, pBR322, ColEl, pSClOl, pACYC 184, irVX. Such plasmids 
are, for example, disclosed by Maniatis, T., et ah (In: Molecular Cloning, A Laboratory 
Manual, Cold Spring Harbor Press, Cold Spring Harijor, NY (1982)). Bacillus plasmids 
include pC194, pC221, pT127, etc. Such plasmids are disclosed by Gryczan, T. (In: The 
Molecular Biology of the Bacilli, Academic Press, NY (1982), pp. 307-329). Suitable 

30 Streptomyces plasmids include pUlOl (Kendall, K.J., et al. J. Bacterial /6P:4177-4183 
(1987)), and streptomyces bacteriophages such as <|>C31 (Chater, KJF., et al. In: Sixth 
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Intermtional Symposium on Actinomycetales Biology, Akademiai Kaido, Bud^est, Hungary 
(1986), pp. 45-54). Pseudomonas plasmids are reviewed by John, J.F., etal (Rev. Infect Dis. 
«:693.704 (1986)), and Izaki, K. {Jpn. J. Bacteriol 33:729-742 (1978)). 

Preferred eukaryotic plasmids include BPV, vaccinia, SV40, 2-micron circle, etc., or 

5 their derivatives. Such plasmids are well known in the art (Botstein, D., et al, Miami Wntr, 
Symp. yp:265-274 (1982); BroacK J.R., In: The Molecular Biology of the Yeast Sac- 
charomyces: Life Cyde and Inheritance, Cold Spring Harbor Laboratory, Cold Spring Harbor, 
NY, p. 445-470 (1981); Broach, J.R,, Cell 28:203-204 (1982); BoUon, D.P., etal, J. Clin. 
HemaioL OncoL 70:39-48 (1980); Maraatis, T., In: Cell Biology: A Comprehensive Treatise, 

10 Vol. 3, G«ie sequence Expresnon, Academic Press, NY, pp. 563-608 (1980)). 

Once the vector or DNA sequence containing the constnict(s) has been prepared for 
expression, the DNA construct(s) may be introduced into an appropriate host cell by any of a 
variety of suitable means: transformation, transfection, conjugation, protoplast fiision, electro- 
poration, caldum phosphate-predpitadon, direct microinjection, etc. After the introduction of 

15 the vector, recipient cells are grown in a selective medium, which selects for the growth of 
vector-containing cells. Expression of the cloned gene sequence(s) results in the production 
of Jagged, or fragments thereof This can take place in the transformed cells as such, or 
following the induction of these cells to differentiate (for example, by administration of 
bromodeoxyuracil to neuroblastoma cells or the like). 

20 The Jagged proteins (or a fiinctional derivatives thereof) of the present invention can 

be used in a variety of procedures and methods, such as for the generation of antibodies, for use 
in identifying pharmaceutical compositions, and for studying DNA/protein interaction. 

The peptides of the present invention may also be administered to a mammal 
intravenously, intramuscularly, subcutaneously, enterally, topically or parenterally. When 

25 adnunistering peptides by injection, the administration may be by continuous injections, or by 
ang^e or multiple injections. The peptides are intended to be provided to a recipient mammal 
in a "pharmacologically or pharmaceutically acceptable form" in an amount su£Bcient to 
"therapeutically effective." A peptide is considered to be in "pharmaceutically or 
pharmacologically acceptable form" if its administration can be tolerated by a recipient patient. 

30 An amount is said to be "therapeutically effective" (an "effective amount") if the dosage, route 
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of administration, etc., of the agent are sufficient to affect a response to Jagged. Thus, the 
present peptides may be used to increase or enhance the effect of the Jagged protein. 

In anotho- embodiment of the present invention, methods for inhibiting, decreasing or 
preventing the activity of the Jagged peptide can be achieved by providing an agent capable of 
S binding to the iigand (or a functional derivative thereof). Such agents include, but are not 
limited to: antisense Jagged, the antibodies to Jagged (anti-Jagged), and the secondary or anti- 
peptide peptides of the present invention. By decreasing the activity of Jagged, the effects 
which the expresaon of the peptide has on angtogenesis or restenosis can be modified. 

In one example of the present invention, methods are presented for decreasing the 

10 expression of Jagged (or a functional derivative thereof) by means of an anti-sense strand of 
cDNA to disrupt the translation of the Jagged message. Specifically, a cell is modified using 
routine procedures sudi that it expresses an antisense message, a message which is 
complementary to the pseudogene message. By constitutively or inducibly expressing the 
antisense RNA, the translation of the Jagged mRNA can be regulated. Such antisense 

IS technology has been successfully applied to regulate the expression of poly(ADP-ribo5e) 
polymerase (see. Ding et aL, J, Biol Chem. 267 (1992)). 

On the other hand, methods for stimulating, increa^g or enhancing the activity of the 
Jagged peptide can be achieved by providing an agent capable of enhandng the binding 
capability or capacity of the ligand (or a fimctional derivative thereof), or by inhibiting or 

20 preventinig a agnal which would diminish or stop the expression of Jagged in the system. Such 
agents include, but are not limited to, the anti-antisense Jagged peptides of the present 
invention. By oihancing the activity of Jagged, the affect which the expression of the peptide 
has on angiogenesis or resteno^s can also be modified. 

In yet another embodiment. Jagged (or a functional derivative or variant thereof) can 

25 be used to produce antibodies or hybridomas. One skilled in the art will recognize that if an 
antibody is desired that will bind to Jagged, such a ligand would be generated as described 
above and used as an immunogen. The resulting antibodies are then screened for the ability to 
bind Jagged. Additionally, the antibody can be screened for its inability to bind Notch. 

The antibodies utilized in the above methods can be monoclonal or polyclonal 

30 antibodies, as well Augments of these antibodies and humanized forms. Humanized forms of 



-28- 



wo 97/45143 



PCTAJS97/09407 



the antibodies of the presoit invmtion may be generated using one of the procedures known 
in the art such as chimerization or CDR grafting. 

In general, techniques for preparing monoclonal antibodies are well known in the art 
(Campbell, AM,, "Mmocbmd Antibody Technology: Laboratory Techniques in Biochemistry 
S and Molecular Biology,"* Elsevier Science Publishers, Amsterdam, The Netherlands (1984); 
St. Groth et al,, J. Immunol Methods 35:1-21 (1980). For example, in one embodiment an 
antibody capable of binding Jagged is generated by immunizing an animal with a synthetic 
polypeptide whose sequence is obtained from a region of the Jagged protein. 

Any animal (mouse, rabbit, ^c.) which is known to produce antibodies can be utilized 

10 to produce antibodies with the desired specifidty, although because of the large size of the 
Jagged molecule, the rabbit is more preferred. Nfethods for immunization are well known in 
the art. Such methods include subcutaneous or interperitoneal injection of the polypeptide. 
One dolled in the art will recognize that the amount of polypeptide used for immunization will 
vary based on the animal which is immunized, the antigenicity of the polypeptide and the site 

IS of injection. 

The polypeptide may be moctified or administered in an adjuvant in order to increase the 
peptide antigenicity. Methods of increasing the antigenicity of a polypeptide are well known 
in the art. Such procedures include coupling the antigen with a heterologous protein (such as 
globulin or P-galactosidase) or through the inclusion of an adjuvant during immunization. 

20 For monodonal antibodies, spleen cdls from the immunized animals are removed, fused 

with myeloma cells, such as SP2/0-Agl4 myeloma cells, and allowed to become monoclonal 
antibody producing hybridoma cells. A hybridoma is an immortalized cell line which is capable 
of secreting a specific monoclonal antibody. 

Any one of a number of methods well known in the art can be used to identify the 

25 hybridoma cell which produces an antibody with the desired characteristics. These include 
screening the hybridomas with an ELIS A assay, western blot analysis, or radioimmunoassay 
(Lutz c/oi, Exp. Cell Res. 775:109-124 (1988)). 

Hybridonnas secreting the denred antibodies are cloned and the class and subclass are 
determined using procedures known in the art (Campbell, A,M, Monoclonal Antibody 

30 Technology: Laboratcry Techniques in Biochemistry and Molecular Biology, Elsevier Science 
Publishers, Amsterdam, The Netheriands (1984)). 
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For polyclonal antibodies, antibody containing antisera is isolated from the imnuinized 
animal and is screened for the presence of antibodies with the desired specificity using one of 
the above-described procedures. 

Conditions for incubating an antibody with a test sample vary. Incubating conditions 
depend on the format employed in the assay, the detection methods employed the nature of the 
test sample, and the type and nature of the antibody used in the assay. One skilled in the art will 
recognize that any one of the commonly available immunological assay formats (such as, 
radioimmunoassays, enzyme-linked immunosorbent assays, diffiision based Ouchterlony, or 
rocket immunofluorescent assays, or the like) can readily be adapted to employ the antibodies 
of the present invention. Examples of such assays can be found in Chard, T. "An Introduction 
to Badioimmunoassqy and Related Techniques^ Elsevier Science Publishers, Amsterdam, The 
Netheiiands (1986); Bullock, G.R. etal., Techniques in Inmunocytochemistry/' Academic 
Press, Orlando, FL Vol. 1 (1982), Vol 2 (1983), Vol. 3 (1985); Tijssen, P., ""Practice and 
Theory of Enzyme Immunoassays: Laboratory Techniques in Biochemistry and Molecular 
Biology/* Elsevier Science Publishers, Amsterdam, The Netherlands (1985). 

The anti-Jagged antibody is also eflFective when immobilized on a solid support. 
Exanq}les of such solid supports inchide, but are not limited to, plastics such as polycarbonate, 
complex carbohydrates such as agarose and sepharose, and acrylic resins, such as 
polyacrylamide and latex beads. Techniques for coupling antibodies to such solid supports are 
well known in the art (Weir, D.M. et cd., ''Handbook ofEs^rimental Immunology'' 4th Ed., 
Blackwell Scientific PubBcations, Oxford, England, Chapter 10 (1986), Jacoby, W.D. et al, 
Meth. Emym. 34 Academic Press, N.Y. (1974). 

Additionally, one or more of the antibodies used in the above described methods can 
be detectabiy labelled prior to use. Antibodies can be detectably labelled through the use of 
radioisotopes, affinity labels (such as, biotin, avidin, etc.), enzymatic labels (such as, horse 
radish peroxidase, alkaline phosphatase, etc.) fluorescent labels (such as, FTTC or rhodamine, 
etc.), paramagnetic atoms, etc. Procedures for accomplishing such labelling are well-known 
b the art, for example see Stemberger, L.A. et aL, J. Histochem, Cytochem, 18\i\5 (1970), 
Bayer, E.A. etal, Meth Enzym. 52:308 (1979), Engval, E. et al, Immunol 109: 129 (1972), 
Coding, J.W. J. ImmumL Meth 73:21 5 (1976). The labeled antibodies of the present mvention 
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can be used for in vitro^ in vivo, and in situ assays to identify cells or tissues which express a 
specific protein or ligand. 

In an embodiment of the above methods, the antibodies are labded, such that a signal 
is produced when the antibody(s) bind to the same molecule. One such system is described in 
5 U.S. Patent No. 4,663,278. 

The antibodies or antisense peptides of the present invention may be administered to a 
mammal intravenously, intramuscularly, subcutaneously, enterally, topically or parenterally. 
When administering antibodies or peptides by injection, the administration may be by 
continuous injections, or by angle or multiple injections. 

10 The antibodies or antisense peptides of the present invoition are intended to be provided 

to a recipient mammal in a "pharmaceutically acceptable form" in an amount sufficient to be 
"therapeutically effective" or an "eflTective amount". As above, an amount is said to be 
therapeutically effective (an effective amount), if the dosage, route of administration, etc. of the 
agent are sufficient to affect the response to Jagged. Thus, the present antibodies may either 

1 5 stimulate or mhance the effect of the Jagged protein, or they may inhibit or prevent the effea 
of the Jagged protdn. Or, secondary antibody(s) may be designed to affect the response to the 
Jagged antibody(s) per se, i.e., an anti-antibody to Jagged. In the alternative, either an antibody 
or an anti-antibody may be designed to affect only the anti-sense strand of the ligand. 

One skilled m the art can readily adapt currently available procedures to generate 

20 secondary antibody peptides capable of binding to a specific peptide sequence in order to 
goierate rationally deagned antipeptide peptides, for example see Hurby et al., Application of 
Synthetic Pqitides: Antisense Peptides", In Synthetic Peptides, A User's Guide, W.H. Freeman, 
NY, pp. 289-307 (1992), and Kaspczak etaL, Biochemistry 2ft9230-8 (1989). As used herein, 
an agent is said to be "rationally selected or designed" when the agent is chosen based on the 

25 configuration of the Jagged peptide. 

Anti-peptide peptides can be generated in one of two feshions. First, the anti-peptide 
peptides can be generated by replacing the basic amino acid residues found in the pseudogene 
peptide sequence with acidic residues, while maintaining hydrophobic and uncharged polar 
groups. For example, iydne, arginine, and/or histidine residues are replaced with aspaitic add 

30 or glutamic acid and glutamic acid residues are replaced by lysine, argmine or histidine. 
Alternatively, the anti-pq>tide peptides of the present invention can be generated by 
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synthesizing and expressing a peptide encoded by the antisense strand of the DNA which 
encodes the pseudogene peptide. Peptides produced in this fashion are, in general, similar to 
those described above since codons complementary to those coding for basic residues generally 
code for acidic residues. 

S To detect secondary antibodies, or in the alternative, the labelled primaiy antibody, 

labeling reagents may include, e.g.^ chromophobic, enzymatic, or antibody binding reagents 
which are capable of reacting with the labeled antibody. One skilled in the art wiU readily 
recognize that the disdosed antibodies of the present invention can readily be incorporated into 
one of the established kit formats which are well known in the art. 

10 An antibody is said to be in "pharmacojtically or pharmacologically acceptable form** 

if its administration can be tolerated by a redpient patient. The antibodies of the present 
invention can be formulated acconUng to known methods of preparing pharmaceutically use&I 
compositions, whereby these materials, or their functional derivatives, are combined with a 
pharmaceutically acceptable carrier vehicle. Suitable vehicles and their formulation, inclusive 

IS of other human proteins, e.g., human serum albumin, are described, for example, in Remington's 
Pharmaceutical Sciences, 1980). 

In order to form a pharmaceutically acceptable composition which is suitable for 
effective administration, such compositions will contain an effective amount of an antibody of 
the present invention together with a suitable amount of carrier. Such carriers include, but are 

20 not limited to saline, bu£fered saline, dextrose, water, glycerol, ethanol, and a combination 
thereof The carrier composition may be sterile. The formulation should suit the mode of 
adnunistration. In addition to carriers, the antibodies of the present invention may be supplied 
in humaruzed form. 

Humanized antibodies may be produced, for example by replacing an immunogenic 
25 portion of an antibody with a corresponding, but non-immunogenic portion (i.e., chimeric 
antibodies) (Robinson et al. International Patent Publication PCT/US86/02269; Akira et al., 
European Patent Application 184,187; Taniguchi, M., European Patent Application 171,496; 
Morrison e( al., European Patent Application 173,494; Neuberger, M.S. ei ai, PCT 
Application WO 86/01533; Cabilly et al, European Patent Application 125,023; Better et al, 
30 Science 2^0:1041-1043 (1988); Liu et al, Proc, Natl Acad ScL USA 5-f:3439-3443 (1987); 
Liu et oL, J. Immunol. I393S2U3S26 (1987); Sun et al., Proc. Natl Acad Sci. USA 
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W:2 14-218 (1987); Nishimura et aL, Cane. Res. ^7:999-1005 (1987); Wood et aL, Nature 
J7-#:446-449 (1985)); Shawe/fl/., J. NatLCancer Imt «0:15S3-1559 (1988). 

The compositions of the present invention can also include minor amounts of wetting 
or emulsifying agents, or pH bufifering agents. The composition can be a liquid solution, 
suspension, emulsion, tablet, pill, capsule, sustained release formulation or powder. The 
composition can be formulated as a suppository with traditional binders and carriers such as 
triglycerides. Oral formulations can include standard carriers such as pharmaceutically 
acceptable mannitol, lactose, starch, magnesium stearate, sodium saccharine, cellulose, 
magnesium carbonate, ^c. 

In a preferred embodiment of the present invention, the compositions are formulated 
in accordance with routine procedures for intravenous administration to a subject. Typically, 
such compositions are carried in a sterile isotonic aqueous buffer. As needed, a composition 
may inchide a solubili23ng agent and a local anesthetic. Generally, the componmts are supplied 
separately or as a mixture in unit dosage form, such as a dry lyophilized powder m a sealed 
container with an indication of active agmt. Where the compoation is administered by infiision, 
it may be provided with an infusion container with a sterile pharmaceutically acceptable carrier. 
When the composition is administered by injection, an ampoule of sterile water or buffer may 
be included to be mixed prior to injection. 

The therapeutic compositions may also be formulated in sah form. Pharmaceutically 
acceptable salts include those formed with free amino groups, such as those derived from 
hydrochloric, pho^horic, acetic, oxalic and tartaric acids, or formed with free carboxyl groups 
such as those derived from sodium, potassium, ammonium, calcium, fenic hydroxides, 
isopropylamine, trieth^amine, 2-ethylamino ethanol, histidine, procaine, etc. 

The dosage of the administered agent will vary depending upon sudi factors as the 
patient's age, weight, height, sex, general medical condition, previous medical history, etc. In 
general, it is desirable to provide the redpient with a dosage of the antibody which is in the 
range of from about 1 pg/kg to 10 mg/kg (body weight of patient), although a lower or higher 
dosage may be administered. Suitable ranges for intravenous administration is typically about 
20-500 ng of active conq)ound per kilogram body weight. Effective doses may be extrapolated 
from dose-response curves derived from in vitro and in vivo animal model test systems. 
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Since highly purified proteins are now available. X-ray crystallography and NMR- 
imaging techniques can be used to identify the structure of the ligand binding site. Utilizing 
such infonnation, computer modeling systems are now available that allows one to "rationally 
design" an agent capable of binding to a defined structure (Hodgson, Biotechnology ^: 1245- 
5 1247 (1990)), Hodgson, Biotechnology P:609-613 (1991)). As used herein, an agent is said 
to be "rationally designed" if it is selected based on a computer model of the Ugand or Notch 
binding site, or in the ahemadve, of the ligand binding site on Jagged if activation of the Notch 
binding site is found to act as an on/off switch affecting the continued expression of Jagged. 
In another entbodinient of the present invention, methods are provided for modulating 

10 the translation of KNA encoding Jagged protein in the cell. Specifically, said method comprises 
introducing into a cell a DNA sequence which is capable of transcribing RNA which is 
compUmentaiy to tl^ RNA encoding the Jagged protein. By introducing such a DNA sequence 
into a cell, antisense KNA will be produced which will hybridize and block the translation of 
the Jagged protein. Antisoise cloning has been described by Rosenberg et al , Nature 373:703- 

15 706 (1985), Preiss et al.. Nature 373:27-32 (1985), Melton, Proc. NaiL Acad Sci. USA 
«2: 144-148 (1985) and Kim e/ a/., CeIl42:l29A3i (1985). 

Transcription of the introduced DNA will result in muhiple copies of antisense RNA 
which will be complimentary to the Jagged. By controlling the level of transcription of 
antisense RNA, and the tissue specificity of expresaon, one skilled in the art can regulate the 

20 level of translation of Jagged protein in spedfic cells within a patient/ ^ 

In one aspect of the above-described invention, DNA response elements (RE) can be 
identified whidi are capable of dther stimulating or inhibiting the binding of Jagged. In this 
manner, assays may be perfonned to determine binding agents by using any length of DNA so 
long as it contains at least one RE sequence. In another embodiment, the above such assays 

25 are performed in the absence of a RE. In this &shion, agents can be identified which bind to 
or affect the binding capacity of Jagged independently of DNA binding. Moreover, the above 
assay can be modified so that it is capable of identifying agents v/i^ch activate transcription of 
DNA sequences controUed by a RE. 

In the present invention, a cell or organism is altered using routine methods such that 

30 it eq)resses Jagged, or a fimctional derivative thereof Moreover, the cell or organism may be 
fimher altered to contain a RE operably linked to a reporter sequence, such as luciferase, beta 
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galactosidase, or chloramphenicol acyltransferase. Agents are then incubated with the ceil or 
organism and the expression of the reporter sequence is assayed. 

In an alternative usage, nuclear and/or cytosoiic extracts from the altered cell containing 
Jagged or a functional derivative thereof are mixed with an expression module containing an 
S RE operabty linked to a reporter sequence. The extract/expression module is incubated with 
an agent and the expression of the reporter sequence is assayed. 

In another embodiment of the present invention, kits are provided which contain the 
necessary reagents to carry out the previously described methods and assays. 

The present invention fiirtfaer provides methods of regulating gene expression in a cell. 
10 For example, a cell can be ahered such that it contains a DNA sequence operably linked to an 
RE. Additionally, the cell can be altered to control the expression of Jagged, permittmg one 
skilled in the art to generate a cell which expresses a given sequence in response to a particular 
agent. 

The subjects treated in accordance with the present invention include any vertebrate 
IS organism; more preferably any manunal; most preferably a human. The only limiting factor is 
that the organism endogenously produces Notch and/or the toporythmic genes which modulate 
binding to Notch. 

By providing methods of affecting angiogenesis by modulating the Notch- Jagged signal 
pathway, the present invention provides methods and compositions which affect a number of 

20 physiologic and pathologic conditions, including placental development, wound healing, 
rheumatoid arthritis, diabetic retinopathy and solid tumor growth and metastasis and motor 
neuron disorders. The referenced wound healing includes healing of any injury or lesion in the 
sldn, tissue, vasculature, or nervous system of the subject, and includes cell migration and 
dilBTmntiation of ceils comprising the mesoderm, endoderm, ectoderm and/or neuroderm. The 

25 wound OTiigury can be tiieresuh of surgery, tiauma, and/or disease or cotuiiti^ Such disease 
and/or conditiorss include iscbenuc lemons resulting from a lack of oxygen to the cell or tissue, 
e.g., cerebnd or cardiac infarction or ischemia, malignant lesions, infectious lesions, e.g,^ 
abscess, degenerative lesions, lesions related to nutritional disorders, neurological lesions 
associated with systemic diseases, e,g, diabetic neuropathy and retinopathy, systemic lupus 

30 erythematosus, cardnoma or sarcoidosis, and lesions caused by toxins, e.g., alcohol, lead, etc. 
Motor neuron disorders may include, e.g, amyotrophic lateral sclerosis, progressive spinal 
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muscular atrophy, progressive bulbar palsy, primary lateral sclerosis, infantile and juvenile 
muscular atrophy, progresave bulbar paralysis of childhood (Fazio-Londe syndrome), 
poliomyelitis and the post polio syndrome, and hereditary Motorsensory N«iropathy (Charcot- 
Marie-Tooth disease). 

S All essential publications mentioned herdn are hereby incorporated by reference. 

In order that those skilled in the art can more fiilly understand this invention, the 
following examples are set forth. These examples are included solely for the purpose of 
illustration, and should not be considered as expressing limitations unless so set forth in the 
appended claims. 

10 

EXAMPLES 

In the following examples and protocols, restriction em^es, ligase, labels, and all 
commercially available reagents were utilized in accordance with the manufacturer's 
recommendations. The cell and molecular methods utilized in this application are established 

15 in the art and will not be described in detail. However, standard methods and techniques for 
cloning, isolation, purification, labeling, and the like, as well as the preparation of standard 
reagents were performed essentially in accordance with Molecular Cloning: A Laboratory 
Manual, second edition, edited by Sambrook, Fritsch & Maniatis, Cold Spring Harbor 
Laboratory, 1989, and the revised third edition thereof, or as set forth in the literature 

20 references cited and incorporated herein. Methodologic details may be readily derived from the 
cited publications. 

Example 1 

Isolation of Human Endothelial Cell cDNA Induced by Exposure to Fibrin 

25 Endothelial cells plated on fibrin organize into three dimensional tubular structures in 

vitro (Olander etoL, 1 Cell. Phy^ol J25:U9 (1985)), and this organizational behavior requires 
transcriptional responses (Smrin e/o/., 1 995). U^ng a modification of the differential display, 
cDNA clones were obtained that were differentially expressed by HUVECs in response to 
fibria Briefly, total UNA was isolated firom HUVEC plated on fibrin in the presence of crude 

30 FGF-1 at 0, 2, 5 and 24 hours and subjected to the modified cfifferential mRNA display. One 
of the clones (D9) isolated firom HUVEC populations exposed to fibrin, which was found to 
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have inaieased at the 2 hour tiine-point, was cloned and sequenced. A search of the GenBank 
database in 1994 demonstrated that the D9 sequence was novel. 

The D9 clone (SEQ ID N0:2) was used as a probe to screen a lambda cDNA library 
prepared from mRNA obtained from HUYECs exposed to fibrin gels for 1, 3 and 5 hours. Ten 
S isolates were recovered that contained the D9 sequence, two of which appeared, by restriction 
enzyme analysis, to be spliced variants of the remaining eight. Sequence analysis of the clones 
revealed that they ov^pped to form a contiguous sequence of 5454 base pairs (bp) in length, 
set forth as SEQ ID NO:I. 

10 Example 2 

Analysis of the Sequence of HUVEC Clone D9 Demonstrates Homology with the Rat 
Jagged Gene 

A second search of the Genebank database in 1995 revealed that the D9 done was very 
homologous to the cDNA sequence coding for the rat Jagged gene (Lindsell et al, 1995), a 

15 ligand for the Notch receptor. Computer analysis revealed an 87% identity at the nucleotide 
level and a 95 % identity at the amino add levd. The Jagged protein contains a putative signal 
sequence, a DSL domain which describes a consensus region present in other Notch ligands 
OSelta, Serrate, Lag-2 and Apx-1), an EGF-like repeat domain containing 16 EGF repeats, a 
cys-rich domain, a transmembrane domain, and a 125 residue cytosol domain. This structure 

20 is represented in Figure 2. Thus, it was determined that clone D9 represents the human 
homolog of the rat Jagged cDNA. 

Two additiond Jagged dones were dso obtained each containing identicd deletions. 
The first was 89 bp in length, and was located in the middle of the cys-rich region. The second 
occurred 366 bp downstream from the first region, and was 1307 bp in length. The first 

25 ddetion predicts a frame-shift in the translation product, resulting in a unique 15 amino acid 
sequence followed by a premature termination of the protein, effectively deleting the 
transmembrane and cytosol domain from the Jagged structure. 
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Example 3 

Human Endothelial Cell Populations Express Both Jagged and Notch Transcripts 

To ascertain that both the human Jagged gene and its putative receptor. Notch, were 
expressed in the HUVEC population, oligonucleotide primers were designed based upon the 
S published sequence for the human Tan*l transcript (Notch* 1) and the human Notch group 
protein transcript (Notch-2), as well as for the human Jagged transcript. 

Total RNA was obtained using standard protocols. The dififerential display was 
performed as previously described by Folkman and Haudenschild, Nature 25^:55 1-SS6 (1980). 
Briefly, 1 /ig of total KNA was reverse transcribed with 200U M-MLV reverse transcriptase 
1 0 (BRL) in the presence of 2 /iM of the 3 ' primer (5'-GCGC AAGCTi^CG-S ') and 1 00 /iM dNTP 
for 70 minutes at 37°C. The cDNA was amplified in the presence of (^^) dATP (Amersham) 
using the same 3' primer and a 5' primer with the sequence 
5'-GAGACCGTGAAGATACTT-3' and the following parameters: 94X 45 seconds. AVC 1 
minute, 72**C 1 minute for 4 cycles, followed by 94'C 45 seconds, 60'C 1 minute, 72°C 1 
1 S minute for 1 8 cycles. The resulting cDNA species were separated using polyacrylamide gel 
electrophoresis, the gel was dried and exposed to radiographic film, and the band of interest 
was cut out of the gel and eluted. 

The cDNA was amplified using the same primers and cloned into a TA vector 
(Invitrogen). The clone was used to screen a cDNA library made in the ZAP Express vector 
20 (Stratagene) uang RNA isolated fix>m HUVEC plated on fibrin in the presence of crude FGF-1 
fi>r 1, 3, S, 8 and 24 hours to analyze the steady-state levels of the transcripts for Jagged, Notch 
1, Notch 2, and GAPDR See, Garfinkel et aL, submitted J. Cell Biol. 1996, The overiapping 
cDNA dones obtained were sequenced using an ABI DNA synthesizer and assembled with the 
DNASTAR program. RT-PCR analysis was performed as described using the following 
25 primers: 

jagged sense 5'-CCGACTGCAGAATAAACATC-3; 
jagged antisense 5*.TTGGATCTGGTTCAGCTGCT-3*; 
notch 1 sense S'-TTCAGTGACGGCCACTGTGAO'; 
notch 1 antisense 5'-CACGTACATGAAGTGCAGCT-3'; 
30 notch 2 sense 5*-TGAGTAGGCTCCATCCAGTC-3'; 

notch 2 antisense 5*.TGGTGTCAGGTAGGGATGCT-3'; 
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GAPDH sense S'-CCACCCATGGCAAATTC-CATGGCA-S'; 
GAPDH antisense 5'-TCTAGACGGCAGGTCAGGTCCACC-3\ 

As shown in Figure 5, the steady state levels of the Notch- 1 and Notch-2 transcripts 
5 were not altered in HUVEC populations exposed to fibrin. In contrast, however, the HUVEC 
Jagged transcript was induced after three hours exposure to fibrin after which time the steady 
state levels of the Jagged transcript decreased (Figure 5). 

Example 4 

10 The Role of Jagged as a Mediator of Microvascular Sprout Formation In Vitro 

Because (i) Delta/Serrate signaling through Notch is involved in the determination of 
cell firte in invertebrates (Fortini and Artavanis-Tsakonas, 1993), (ii) Jagged signaling through 
Notch attenuates the tenninal differentiation of myoblasts to myotubes in vitro (Lindsell et al., 
1995), (iii) the endothelial cell presents a non-terminal differentiated phenotype in vitro (Figure 

IS 1), and (iv) the Jagged transcript was identified as an endothelial cell differentiation-induced 
gene, it was important to determine whether Jagged-Notch signaling in the endothelial cell was 
involved in the eariy phase of the differentiation pathway. It is well known that endothelial cell 
sprout formation is an eariy event in the microvasculature during angiogenesis (Montesano et 
aL^ 1985); and endothelial cell sprout formation assays are described in the art (Montesano et 

20 qL, Proa NatL Acad. Sci. USA «J:7297-7301 (1986)). However, to assess the role of Jagged- 
Notch signaling in this system, an antisense (y) oligonucleotide was needed, based on the 
Jagged sequence to repress the translation of the Jagged transcript. 

The Y-Jagged oligomer contained the Kozak sequence, the ATG translation start site 
and extended three codons into the open-reading fiiune. Similar y-oiigomers have proven 

25 usefiil in a wide variety of cellular systems to repress the translation of specific transcripts, 
including the human endothelial ceU (Maier et ai, 1990b; Garfinkel et al., 7. BioL Chem. 
2d7:24375-24378 (1992)). The controls for the y-Jagged oligomer included the sense 
counterpart, a 3 -antisense oligomer and a mutated 5' antis^e oligomer. 
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Although the complete DNA sequence of the bovine Jagged transcript had not yet been 
fully defined, a high degree of homology at the 5' end was predicted between the bovine and 
the human Jagged nucleotide sequence, in view of the fact that the human and rat Jagged 
polypeptides are 9S % identical. 

Bovine microvascular endothelial cells (BMEC) were plated onto a collagen gel, grown 
to confluence in the presence or absence of varied concentrations of the y-Jagged oligomer. 
FGF-2 (10 ng/ml) was added at confluence (Montesano et al., 1986), and the length of 
microvessels (sprouts formed as a result of cellular invasion into the collagen gel) was measured 
(Pepper ei aL, Biochem. Biophys. Res. Comm. 759:824-831 (1992)). As shown in Figure 6, 
exposure to the y-^^gg^ oligomer resulted in an increase BMEC sprout length in a 
concentration dependent manner above the level achieved by FGF-2. In contrast, the three 
control oligomers, a Jagged sense oligonucleotide, a 3' antisense Jagged oligomer, and a 
mutated 5* antisense Jagged oligomer did not affect the ability of FGF-2 to induce sprout 
formation in this assay (Figure 6). 

Prior to this experiment, with the possible exception of vascular endothelial cell growth 
&ctor (VEGF), no other growth factor/cytokine signal has been disclosed as able to potentiate 
the ability of FGF to modify BMEC sprout length. This result would not have been previously 
anticipated since the Jagged gene had been previously identified as a HUVEC*derived 
differentiation-induced transcript. 

Example 5 

The Disparate EfTect of the Antisense (y)- Jagged Oligomer on Small and Large Vessel 
Endothelial Cell Migration 

Based upon the surprisng effect of the y- Jagged oligomers on the potentiation of FGF- 
2*induced BMBC sprout formation (Example 4), a simple assay was deigned to assess the 
influence of the y- Jagged oligomer on BMEC migration, specifically to confirm that 
intemipting the Jagged-Notch signaling pathway would attenuate the ability of FGF to increase 
sprout length. Utilizing essentiaUy the system of Sato and Rifldn (1988, supra), bovine 
microvascular endothelial cells (BMEC) were plated on a fibronectin matrix, and grown to 
confluence in the absence and presmce of varied amounts of the y-Jagged oligomer. 
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Briefly, 4 x 10' BMEC and BAEC were grown to confluence in senim-containing media 
containing 0, 1.2S, 2.S, S and 6.2S uM jagged antisense oligonucleotide. The monolayers were 
wounded by scraping them with a razor blade and cellular debris was removed by washing the 
plates twice with phosphate buflfered saline. The cells were incubated for a further 22 hours at 
S 3VC to confluence, then fixed in 25% acetic add, 7S% methanol and stained with hematoxylin 
(Sigma). The number of cells migrating from the wound origin were counted to determine the 
ability of the BMEC population to migrate into the denuded area. The count was made using 
a light microscope with a grid at lOOx magnification. The data represent a mean of multiple 
experiments done in duplicate, with five microscopic fields counted for each point. 

10 As shown in Figure 7A, the presence of the y-Jagged oligomer resulted in an increase 

in the number of cells migrating into the denuded area with an approximate 80% increase 
mediated by S fiM y-J^ed oligomer. These data (Figure 7A) agree with the BMEC data 
obtained fiom the sprout assay in which 2 y^Jagged oligomer yielded an approximate 100% 
increase in BMEC sprout length (Figure 6). Thus, it was shown that an interruption in the 

IS Jagged-Notch signaling pathway resulted in an increase in BMEC migration, a major 
immediate-eariy component of sprout formation in vitro. 

Consequently, an apparent discrepancy was noted between the results of the 
experiments showing (i) the isolation of the Jagged transcript from a HUVEC population 
preparing to migrate into a fibrin gel, and (ii) the enhancement of the BMEC by the presumed 

20 interruption of the Jagged signal. Noting that the HUVEC are obtained from a macro-vessel, 
and BMEC are from miCTO-vessds, the distinction was apparently directly related to the nature 
of the source of the endothelial cells. 

To ascertain that the differoice was based upon the type of the endothelial cell (macro- 
versus micro-vasculatureX and not due to variations in the extracellular matrix or the function 

25 of growth &ctors/cytoldnes in the particular system, an experiment was designed in which the 
endothelial cells were obtained from the same species, but exclusively from a macrovascular 
source - bovine aorta endothelial cells (BAEC). BAEC were introduced onto a fibronectin 
matrix, grown to confluence in the absence and presence of various amounts of the y- Jagged 
oligomer, and their migration assessed in a maruier identical to that used to assess BMEC 

30 migration. As diown in Figure 7B, there was a concentration-dependent decrease in the 
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migration of the BAEC population in response to the y-J^agged oligomer with an approximate 
50% reduction in BAEC migration at S |iM y-Jagged oligomer. 

When viewed together, these results indicated Jagged-Notch signaling as an anti- 
migratory went in the endothelium comprising the microvasculature, but as a /7ro*migratory 
S event in the endothelium of large vessels. These experiments demonstrated for the first time 
that there apparently exists a major phenotype difiference between small and large vessel 
endothelial cdls in response to a ligand-receptor agnaling pathway in the endothelial cell which 
is modulated during the migratory phase of angiogenesis. 

10 Example 6 

Further Characterization of the Disparate Effects Mediated by Jagged-Induced Signaling 
In Vitro Using Human Endothelial Cells 

To better understand the mechanism utilized by human endothelial cells to regulate 
angiogenesis in man, it is important to study the effect of the y-Jagged oligomer on cell 

1 S migration u^g human microvascular endothelial cells and human endotheUal cells from large 
vessels. Although it would be preferable to obtain stable human endothelial cdl y-Jagged 
transfectants/transductants using conventional gene transfer methods, none have proven useful 
with regard to human diploid endothelial cells in vitro. Therefore, the y-Jagged oligomer 
strategy is employed as a means to modify the translational efficiency of the human Jagged 

20 transcript. 

Initially, however, two methods are used to confirm that the y-Jagged oligomer is able 
to reduce the eflSdem^ of Jagged translation. Eadi utilizes rabbit anti-Jagged antibodies being 
prepared against indi^ddual synthetic peptides derived from the extracellular DSL domain, the 
extracellular cys-poor domain (NHj-termiiud to the transmembrane domain) and the 

25 intracellular domain ofthe predicted Jagged protein sequence. Immunologic methods parallel 
those previously used for the production and purification of antibodies against synthetic 
peptides derived &om sequence analysis of the FGF-1 receptor (Prudovsky et al., J. BioL 
Chem. 269:31720-31724(1994)), cortactin (Zhan e/a/., 1994) and FGF-1 (Imamura e/ a/.. 
Science 249:1567-1570 (1990)) translation products. Synthetic peptides are prepared as 

30 multiple antigen peptides (MAP) using fmoc MAP resins from Applied Biosystems. Likewise, 
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Notch-1 antibodies are also prepared using sequence from the extracellular LNG domain and 
intracellular ankyrin repeat domain for MAP synthesis. 

The first method utilizes hybrid selection, using an immobilized Jagged oligomer to 
capture the Jagged transcript from HUVEC populations, followed by {^^S)-met/cys translation 
5 of the Jagged transcript in the rabbit reticulocyte system in the absence and presence of varied 
amounts of the y-Jagged oligomer. Immunopredpitation of the Jagged protein followed by 
SDS-PAGE autoradiography establishes the ability of the y-Jagged oligomer to repress Jagged 
translation in vitro. 

The second method utilizes HUVEC populations metabolically labeled with C^Sy 
10 met/cys for Jagged inmiunoprecipitation from cells exposed to fibrin for 0, 1, 2 and 3 hours. 
Immunoprecipitation of the Jagged protein from the fibrin-induced HUVEC population 
followed by SDS-PAGE autoradiography pmnits a comparative assessment of whether 
pretreatment of the cells with the Y*Jagged oligomer represses the level of the Jagged protein 
as a ceD-assodated poIypq)tide. The success of these strategies is based upon the fact that the 
1 S Jagged protein sequence is rich in cys residues, and as a result is metabolically labeled to a high 
specific activity. likewise, an accurate molecular wd^ is asagned to the Jagged protein since 
competition with synthetic peptide, pre-inmiune serum, as well as denatured y -lagged 
antisenun, are used as controls to define the specificity of band assignment. Since the predicted 
Jagged translation produa contains 1 197 amino adds, the molecular weight is in the 13S to 145 
20 kDa range. 

The disparate migratory behavior of the BMEC and BAEC populations is confirmed 
using stable Y-J%ged transfectants. Since bovine cdls are more amenable than HUVEC 
populations to gene transfer methods, the pMEXneo vector (Martin-Zanca eiaL, MoL Cell, 
Biol. 9:24-33 (1989)) is used to sdect for stable BMEC and BAEC y-Jagged transfectants as 

25 previous^ desoibed (Zhan et al , 1992). Stable clones are obtained using G4 1 8 resistance to 
quantify the migratory potential of these odls relative to insert-less vector control transfectants. 
The wound-induced migration assay (Example 6; Figure 7) is usefiil to demonstrate that the 
serum-induced migration potential of the BMEC y- Jagged transfectants is increased, and the 
serum-induced migration potential of the BAEC y-Jagged transfectants is decreased. 

30 Use of these transfectants permits a more rigorous quantification of the disparate 

modulation of migratory potential between small and large vessel endothelial cells using the 
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conventional Boyden chamber assay previously used to establish the chemotactic activity of 
FGF-1 (Terranovae/a/l, 1 CellBioL 707:2330-2334 (1985)). In addition, this approach also 
confirms the assessment of the ability of the BAEC y-Jagged and insert-less vector control 
transfectants to respond to the FGF prototypes as inducers of sprout formation in vitro (Figure 

5 6). Lastly, this strategy permits an assessment of the migratory responsiveness of additional 
bovine endothelial cells obtained from alternative anatomic sites, including the portal vein, 
ss^)henous artery and vein, and adipose-derived microvascular endothelial cells. The ability of 
these cells to induce steady-state levels of Jagged and Notch receptor transcripts in response 
to fibrin is also evalulated by RT-PCR analysis as in Exanq)le 3 (Figure S). 

10 A nuclear run-on analyas of BMEC and BAEC populations, as well as a kinetic analysis 

of the presence of the Jagged transcript in actinomycin D- and cycloheximide-treated cells in 
response to fibrin, is employed to determine whether the induction of the Jagged transcript is 
due to a transcriptional regulatory event and whether Jagged transcript stability is involved in 
the fibrin response. This analysis is analogous to a previous study on the post-transcriptional 

15 regulation of n.-la in HUVEC populations by Garfinkel et aL, Proc. Natl. Acad. ScL USA 
97:1559-1563 (1994). Nuclear run-on analysis is performed by incubating nuclei obtained from 
eithCT BMEC or BAEC populations exposed to fibrin for 0, 1, 3 and 6 hours with 100 pCi of 
C^PyUTP for 30 minutes. This is followed by the isolation of nascent RNA transcripts, and 
slot blot analysis using 5 ng of the linearized, denatured and immobilized Jagged cDNA and 

20 hybridization at high stringency with the labeled RNA. Glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) is used as a positive control, and densitometric values are normalized 
to the GAPDH signal. Although the level of the Jagged transcript may be difficult to predict, 
a Jagged signal should be >asible. Testing the y-Jagged oligomer at varied levels p^mits a 
determination of the ability, if any, of the y-J^gged oligomer to access the transcriptional 

25 nuichinery in this system. 

The analy^s of the affect of the novel protein on human endothelial cells effectivdy 
employs the HUVEC population as a modd, in comparison with HU artery (A) EC and human 
cells obtained fix>m other anatomic sites, including, e.g,, human adipose-derived microvascular 
endothelial cells (HNdDEC), human dermis-derived capillary endothelial cells (HCEC) and human 

30 saphenous vein (HSVEC) and artery (HSAEC), available from commercial and academic 
sources. The addition of the y-Jagged oligomo' to these populations of human endothelial cells 
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will be similar to that described in the protocols involving bovine endothelial cell populations. 
Thus, the ability of the y-Ja^gged oligomer to modulate sprout formation of human capiUaiy, 
aitery and van endothelial cells is assessed using the collagen invasion assay described in Figure 
6, and the migration wound assay described in Figure 7 supplemented with a Boyden chamber 
5 chemotaxis assay as previously described (Terranova et aL, 198S). The resulting data, similar 
to those obtained with the bovine endothelial cell populations, confirms the above-described 
conclusion (Examples 4 and 5) that reduction in the translational efficiency of the Jagged 
transcript (i) increases human microvascular endothelial cell sprout formation and 
migratory/chemotactic potential and (ii) reduces these acti>aties in the human endothelial cell 

iO populations derived from arteries and veins. 

To determine in those endothelial cell populations that are induced by the Y*Jagged 
oligomer to decease tube formation, it is use&l to evaluate whether there is a modification of 
the steady state transcript levels of the immediate-eariy endothelial differentiation genes (edg 
genes). This establishes whether the effect of the y-Jagged oligomer occurs duriing immediate- 

15 eariy or mid-to-late phase of the endothelial cell differentiation pathway and supplements the 
qualitative data with respect to the modification of lumen formation in vitro. While the end 
point for this assay will be a qualitative assessment of lumen formation as previously described 
(Jaye et al,, 1985), cells will be harvested as described in Example 3 (Figure 5) for Northern 
blot analysis of the presmce or absence of the alg goies, such as the G-protein-coupled orphan 

20 receptor, fidgil (Hla and Maciag, 1990b), the transcription factor, edg-2 (Ma et aL, Biochim, 
Biophys. Acta J 260:227-229 (1995)), cyclooxygenase-2 (cQ2fc2) (Ha and Neilson, Proc, Natl, 
Acad Sci. USA 59:7384-7388 (1992)), and tissue coUagenase, among others (Hla and Maciag, 
1990a). 

Because the data indicate that the y-Jagged oligomer accelerates capillary endothelial 
25 cell migration and sprout formation in vitro, the addition of the Jagged protein to these systems 
will have the opposite effect - intubiting capillary endothelial cell migration and sprout 
formation and promoting large vessel-derived endothdial cell nugration in vitro. However, two 
approaches may be used to evaluate this premise. The first involves the expression and 
purification of the Jagged polypeptide as a recombinant protein, and the second involves the 
30 expression of an extracellular and soluble Jagged construct. Although the predicted Jagged 
sequence does not contain any recognizable post-translational modification motif in the 
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extraceihilar domain of the protein, such as N-glycosylation, it is possible that a subtle 
modification of the Jagged protein will affect the activity of Jagged as a Notch ligand. 

Using the recombinant Jagged protein, it is possible to assess its ability to signal through 
the Notch- 1 recq)tor using a rat myoblast system. Since it has been demonstrated that the rat 
5 myoblast cell line, C2C12, transfected with the Notch- 1 cDNA will not form myotubes when 
co-cultured with a lethally irradiated population of murine fibroblast transfected with the rat 
Jagged cDNA (Lindsell e/ a/., 1995), it is assumed that the parental C2C12 is a Notch-1- 
deficient cell line. Therefore, the C2C12 cell represents a model cell type to assess the 
biological fimction of recombinant Jagged. 
10 The C2C12 cellNotch-1 transfectants, but not C2C12 insert-less vector transfectants, 

presumably are unable to form myotubes if the recombinant Jagged protein is fimctional as a 
ligand. Thus, this system also permits an assessment of the value of Notch-2 as a Jagged 
receptor. 

C2C12 cells are transfected with the fijll length rat Notch- 1 and Notch-2 cDNA 

IS containing tandem copies of the influenza virus hemagglutinin (HA) epitope and stable 
transfectants obtained as described (Zhan et al, 1992). The expression of the Notch- 1 and 
Notch-2 receptor transcripts is monitored by RT-PCR and Northern blot analysis and the 
protein levels assessed by immunoprecipitationAVestem blot analysis of the HA epitope. The 
addition of the recombinant Jagged ligand (1 ng to 10 pg titration) permits the Notch- 1 and 

20 Notch-2 C2C12 cell transfectants to repress myotube formation, as assessed by morpholopc 
aiteiia as well as by the repression of the steady-state levels of the myogenin transcript. These 
data also define the specific activity of the recombinant Jagged protein for stability studies 
(temp^ature» pH, ionic strength as a fimction of time). An appropriate positive control for 
these experiments is a poinilation of lethally-irradiated NIH 3T3 cells transfected with the fiiU- 

2S length Jagged cDNA to the Notch- 1 and Notch-2 C2C12 cell transfectants, insuring the 
attenuation of myotube formation. 

After the specific activity of the soluble Jagged protdn is established, it will be possible 
to assess the ability of the Jagged ligand in a concentration dependent matter to inhibit 
microvessel endothelial cell migration, chemotaxis and sprout formation in vitro, as in Figures 

30 5 and 6. Efiective levds of Jagged protein, similar to those previously fimctional in the C2C12 
cell Notch- 1 transfeaants, are expected to also be fimctional in the human and bovine 
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microvascular endothelial cell systems. A comparable evaluation involves a determination of 
the function of the Jagged protein as an inducer of large vessel-derived human and bovine 
endothelial cell migration, chemotaxis, and sprout formation. A concentration-dependent 
response is indicated. As described above, the co-culture of the large and small vessel-derived 
S endothelial cells with lethaUy irradiated NIH 3T3 cdl Jagged transfectants and insert-less vector 
transfectants provides a suitable control to demonstrate the disparate role of Jagged-Notch 
signaling in the regulation of endothelial cell migration. 

Example 7 

10 

The Relevance of Jagged-Induced Signaling In Vitro to Angiogenesis In Vivo 

Because Jagged was cloned as a fibrin-responsive gene in vitro^ an in vivo angiogenic 
system is needed which closely mimics the in vitro system. Traditional angiogenesis assays, 

IS such as the chicken chonoallantoic membrane (CAM) (Scher et aL, Cell 5:373-382 (1976)) 
assay or the rabbit cornea assay (FoHonan et aL, Science 22i:719-725 (1983)), are usefiil for 
an end-point analysis, and are readily available in the art. However, the complexity of the many 
individual steps in the angiogenic cascade (Figure 1), and their control by gene regulation, 
demands a novel in vivo approach that addresses this complexity more specifically. 

20 Plating HUVEC on fibrin has been selected to meet the need for such an in vivo system. 

It has proven to mimic in vivo, in a reproducible fashion, the in vitro system we used initiaDy 
to induce and isolate the human Jagged cDNA. The in vivo system involves the subtotal 
occlusion of a large vessel, such as a carotid or iliac artery with a thrombus, producing an 
intimal injury. TWs is typically followed within two days, by migration of endothelial cells into 

25 the three-dimensional platelet/fibrin scaffold tube formation. After approximately 4 weeks the 
system characteristically displays tube perfusion, recruitment of pericytes, and selection of 
preferred channels with downsizmg of minor vessels. Together with the vessels, stromal cells 
appear as well, contributing to the unique extracellular matrix of this tissue, and nudcing this 
natural, in vivo system ^involving revascularization of an experimental thrombus) ideal for 

30 demonstrating the role of Jagged and its receptor(s) in two of the eariy steps of angiogenesis. 

Endothelial migration and tube formation can be separated in time (at 2, 4, 6, 8 days 
after thrombo^s), as well as in space. The migrating cells are primarily located in the central 
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region of the thrombus, whereas the periph^ cells have already formed tubes, as indicated by 
the appearance of junctions and, almost concomitantly, the arrival of circulating red blood cells. 

The antibodies developed for use in this experimental systm were designed for use with 
known immunoperoxidase or immunofluorescence techniques to localize endogenous Jagged 
5 and Notch (Nabd et al., 1993). However, an advantage of using this in vivo system is that the 
experimentally-induced thrombus can be seeded with genetically modified cells, y-Hggtd 
oligomer, or soluble Jagged protein as described above for the in vitro approach, to influence 
two distinct phases of the an^ogenic cascade in a controlled fashion. 

The source of these endothelial cells is from large vessels, but they behave like 

10 capillaries when they migrate and form tubes, until some, but not all, will recruit pericytes and 
smooth musde cdls and assume the appearance and fiinction of large vessels again. Clinically, 
both in the coronary and in the peripheral circulation, ttus revascularization process is critical, 
since successful recanalization of occluding thrombi is highly beneficial to the patient, but its 
regulation has been pooriy understood. 

IS Although an expert qualitative pathologic-anatomical evaluation of the vascular 

morphology is essential in these in vivo experiments, there are a number of time points that are 
amenable to quantitative morphometric analy^s. This is especially relevant since these time 
points represent distinct stages in this process. At 4, 6, and 8 days, the number of invading cells 
are directly counted using a light microscope to evaluate cross-sections. Using 

20 immunohistochemical analysis with the CD34 antibody, the relative number of migrating 
oidothelial cells is quantifiable; and using the leukocyte common antigen, the inflammatory cells 
can be assessed. Unfortunate, smooth muscle cell a-actin cannot be used as a reliable marker 
for myofibroblasts at this stage, since their phenotype is altered. However, by subtraction, the 
number of non-endothelial cells can be detemuned. 

2S Thus, quantification of this early phase indicates whether, and in which direction, the 

interplay between Jagged and Notch influences the migratory component of the angiogenic 
process. Using serial sections of the same preparations, the proliferative cell nuclear antigen 
is usdiil to evaluate the relative contribution of proliferation to the total number of cells that 
populate the thrombus. When the thrombus is seeded with transfected cells expressing soluble 

30 Jagged, the myc reporter gene is used to recognize and count these components within the 
system. 
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Quantificadon of the functional vascular lumina in a cross-section after 2 and 4 weeks 
provides additional insight into the relationship between tube formation and the processes of 
endothelial migration and proliferation during angiogenesis. This comprises a statistical 
comparison of the number of individual lumina, grid point counts, and area measurements in 
S perfiised vessels. Medianistically, the Jagged/Notch interaction v^ch initiates tube formation 
from large vessel endothelial cells in vitro, may prove to be a stop signal for migration and 
proliferation of the microvasculature. 

The endothelial cell site-specific effect of the Jagged-Notch system may also be 
responsible for the control and coordination of the migration/proliferation/tube formation 

10 sequence that ultimately leads to the formation of a new vessel. This can be shown in vivo in 
a revascularized thrombus murine model system, in which it is possible to deliberately 
exaggerate or compete with each of the components at the molecular level and at any time point 
within the process. Indeed, the kinetics of the Jagged/Notch interaction may also be assessable 
by seeding the thrombus at a later time point with soluble Jagged transfectants. 

15 In the mouse, experimental intervention will involve a surgical exposure of previously 

treated, occluded carotid artery for an injection of a small volume of dther lethally irradiated 
transfectants, recombinant protein or y-^agged oligomer into the site. However, the occluded 
vessel cannot bleed due to incomplete revascularization. Appropriate controls for the repetitive 
minor surgical trauma are posable in the same manunal on the contralateral carotid, using cells 

20 transfected with an inactive, but minimally altered mutant, inaaive recombinant protein, or 
sense or inactive mutant y- Jagged oligomers respectively. 

While the model is useful to examine the formation of a new three-dimensional network 
of fimcdoning vascular tubes, an additional model for the reendothelialization of the intima of 
a large vessel is needed, since Jagged/Notch appears to regulate this process in the opposite 

2S direction. Since murine vessels are too small for precise^ selective de-endotheltalization, the 
gently ballooned rat thoradc aorta (access from the carotid with a French 2 Edwards balloon) 
is an ^propriate test system since it offers unequivocal starting points, and reasonably accurate 
quantification (^e^, Schwartz etaL, Lab. Invest. 55:568-580 (1978)). 

To assess the ability of the Jagged ligand to modify the migration of endothelial cells, 

30 thus influencing their ability to form a capillary networic and/or to cover a de-endothelialized 
surface, one of several methods is indicated. In a first method, a therapeutically-effective 
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amount of soluble Jagged ligand is administered intravenously to mice and/or rats prior to 
and/or foUo^g thrombosis or balloon injuiy. In an alternative method, a thrombotic occlusion 
in a mouse is seeded with an effective amount of lethally irradiated NIH 3T3 cell soluble 
Jagged:myc transfectants. While in a third method, in both rats and mice, a distal site is seeded 
5 with an effective amount of lethally irradiated NIH 3T3 cell soluble Jagged:myc transfectants 
onto a subcutaneous fibrin matrix implant, which has been pretreated with lethally irradiated 
MH 3T3 cells transfected with a hst-sp-FGF-1 constnict using the nude mouse (Forough et aL, 
y. Biol. Chem, 265:2960-2968 (1993)). 

It is known that the NIH 3T3 cells hst-sp-FGF-1 transfectants (10^ cells) are able to 

10 secrete FGF-1 as an ntracellular angiogenesis signal, and establish within S to 10 days an 
aggressive capillaiy network (Forough et aL, 1993). This is a result of the ligation of the signal 
peptide (sp) sequence firom the hst/KSS (FGF-4) goie to FGF- 1 , which directs the traffic of the 
hst-sp-FGF-1 chimera into the ER-Golgi apparatus for proteolytic proces»ng of the hst/KSS- 
sp-sequence and release of FGF-1 as a soluble, extracellular protein. The efficacy of this 

IS construct has been established in vivo (Nabel et al., 1993; Robinson et aL, Development 
727:505-514(1995)). 

In the third method, following thrombotic occlusion, the NIH 3T3 cell soluble 
Jagged:myc transfectants (10^-10^ cells) are injected into the angiogenic site, enabling the cells 
to express and secrete the soluble Jagged protein into the vasculature. The levels of plasma- 

20 derived Jagged (tail vein samples) are monitored by ELIS A using the myc-epitope and Jagged 
antibodies. The rats are then assessed over time (e.g., 1 to 10 days at 2 day intervals) for re— 
endothelialization of the denuded artery using Evan's blue staining. The degree of angiogenesis 
in the occlusion zone in the murine vessels is assessed using morphometric analysis of individual 
endothelial cells and of the fully developed capillary vessels in histological sections. Indeed, 

25 analysis by transmission dectron microscopy will cleariy dmionstrate the involvement of 
endothelial cell migration and sprout formation in this system. 

The assessment of the pharmacologic administration of intravenous soluble Jagged in 
the first method is based upon a similar end point, but utilizes a sufficient amount of 
recombinant Jagged to saturate both the Notch- 1 and Notch-2 receptor Jagged-binding sites. 

30 The number and affinity of Jagged-binding sites on the sur&ce of the murine endothelial cell are 
quantified in vitro by Scatchard analysis of murine aorta-derived endothelial cells and adipose- 
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derived microvascular endothelial cells using competitive (*^I)-Jagged binding by the method 
described for FGF-l (Schreiber e/a/., Proc, NatL Acad. ScL USA 52:6138-6142 (1985)). 

The apparent lack of reflation of the Notch- 1 and Notch-2 transcripts in the HUVEC 
population (Figure S), predicts a high affinity Kd (pM) with approximately 5-20,000 Notch- 
5 binding sites per cell. The radiolabelKng of the Jagged polypeptide utilizes the lactoperoxidase 
method, followed by removal of free (*"I) by Sephadex G-50 gel exclusion chromatography. 
This provides a pharmacologic range for the administration of the ligand. In addition, the 
availability of (*^*I)- Jagged will demonstrate the expected pharmacokinetics of intravenous 
Jagged using methods previously successful for FGF-1 (Rosengart et ai. Ore, Res. 6-/: 227-234 
10 (1989). 

hi sum, these models should provide an in vivo correlate and in vivo models for Jagged 
function, demonstrating a predicted increase (25%-35%) in lumen re-endothelialization, and 
a similar decrease in the formation of capillary structures. In comparisons between the in vivo 
revascularization and reendothelialization experiments in normotensive animals, and in their 

15 spontaneously hypertensive rat counterparts (SHR, conmiercially available from Charles River 
with guaranteed hypertension), it has been shown that hypertension has a direct, albeit subtle, 
effect on the aortic endothelium of these model animals (Haudenschild et al. Hypertension 
5:148-153 (1981)). The aortic re-endothelialization experiments can be repeated in these rats 
without modification and with hypertension as the only added variable, however, the thrombus 

20 revascularization expaiments must also be performed in these rats, since there is no comparable 
murine hypertension model available. The thrombi have been shown to be readily reproducible 
in mice, rats and rabbits. Thus, species differences do not pose a technical problem in the in 
vivo model systems. 

25 Example 8 

Expression of soluble jagged in the NIH 3T3 cell line 

To determine the efFeas of a secreted, extracellular form of Jagged, a modified form 
of the Jagged gene was synthesized, transfected into the NIH 3T3 cell line, and then to select 
30 for those cells producing the protein. To track and monitor the fate of this Jagged molecule, 
a myc tag (reviewed by Kolodziej and Young, Methods in Enzymology 1 94: 508-5 1 9 ( 1 99 1 )) 
was also introduced at the 3' end of the gene. In order to do this, several modifications of the 
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jagged gene were necessary, these are; ( 1 ) a Kozak sequence (Kozak, 1 Cell Biol J 08:229-24 1 
(1989)) was engineered onto the 5' end of the gene to ensure efficient transcription (2) a myc 
epitope tag placed at the 3* end (3) cloning sites engineered on both the S' end (EcoRl, 
BamHl, Sail sites) and the 3' end (Xhol site). 
5 The primer pair used for this construction were: 

5' end: Sense 

GACTATGCGAATTCGGATCCGTCGACGCCACCATGG 
Anti-sense 5' end: CAAGTTCCCCCGTTGAGACA 

10 3' end myc tag construction 
3' end/antisense primer 

GCATAGTCCTCGAGTTACAAGTCTTCTTCAGAAATAAGCTTTTGTTCTACGATGT 
ACTCCATTCG 

15 3 ' end/sense primer 

ATGGACAAACACCAGCAGAA 

Cycling reactions were as previously described in this application. 

The S' reaction was digested with EcoRl and Bglll , the 3* reaction was digested with 
20 Xhol and Acc 1 site . These w^ ligated via standard protocol into a similarly digested Jagged 
template. The final gene product was then digested with EcoRl and Xhol and ligated into the 
eukaiyotic expression vector pMexNeo2. This was then transfected into the NIH 3T3 cell line 
and cells grown in selection media containing G418 (as previously described). 

Calcium mediated DNA was transferred into NIH 3T3 cells followed by growth in 
25 selective media results in clone: MW38-1 . 1 which synthesized the anticipated protein and also 
released it into the surrounding medium (conditioned media). 

These 38-1.1 cells showed a unique phenotype. They grossly formed cord-like 
structures in vitro correlating v^th the presence of pseudo-lumens by ultrastructure analysis. 
In addition, they were able to induce wild type NIH to partially assume this phenotype. As 
30 such, 38-1.1 would be an outstanding resource both for the production and isolation of the 
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soluble Jagged (sol-jag) protein, and also for its ability to modulate the difTerentiation pattern 
of adjacent cells. 

Although the present invention has been described with reference to the presently 
preferred embodiments, the skilled artisan will appreciate that various modifications, 
5 substitutions, omissions and changes may be made without departing from the spirit of the 
invention. Accordingly it is intended that the scope of the present invention be limited only by 
the scope of the following claims, including equivalents thereof 
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What is claimed is: 

1 . A substantially purified Jagged protein. 

2. The protein according to claim 1, which is free of the proteins with which it is 
5 nonmally associated, and which has an amino acid sequence corresponding to SEQ ID NO: 1 . 

3. The protein according to claim 2, wherein the protein comprises the amino acid 
sequence corresponding to SEQ ID N0:1, or functionally equivalent derivative, or allelic or 
species variant thereof 

10 

4. The protein according to claim 3, wherein the protein comprises the amino acid 
sequence corresponding to SEQ ID N0:1, or functionally equivalent derivative, or allelic or 
species variant.thereof, and which is characterized by the ability to bind to Notch. 

15 5 . A substantially purified nucleic acid molecule or segment thereof encoding a Jagged 

protein, or functionally equivalent derivative, or allelic or species variant thereof. 

6. The nucleic acid molecule according to claim 5, wherein the nucleic acid comprises 
the sequence corresponding to SEQ ID NO: 1, or a segment thereof 

20 

7. The nucleic acid molecule according to claim 6, wherein the nucleic acid comprises 
the nudeic acid sequence or segment thereof corresponding to SEQ ID NO: 1 , or functionally 
equivalent derivative, or allelic or species variant thereof 

25 8. The nucldc acid molecule according to claim 6, wherein the nucleic acid comprises 

the nucldc acid sequence or segment thereof corresponding to SEQ ED NO: 1 , or functionally 
equivalent derivative, or allelic or species variant thereof, and which is characterized by the 
ability to bind to Notch. 

30 9. A recombinant molecule comprising a vector and the nucleic acid sequence 

according to claim 5. 
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10. A host cell comprising the recombinant molecule according to claim 9. 

1 1 . The expression product of the recombinant molecule according to claim 9. 

12. A substantially purified, single-stranded, nucleic acid molecule comprising the 
antisense strand of the Jagged cDNA, or a segment thereof 

13. The nucleic acid molecule according to claim 12, wherein the nucleic acid 
comprises the antisense nucleotide sequence corresponding to SEQ ID N0:1, or a segment 
thereof 

14. The nucleic acid molecule according to claim 13, wherein the antisense nucleic acid 
comprises the antisense nucleic acid sequence corresponding to SEQ ID NO: 1, or a segment 
thereof which if read in the sense direction would encode a functionally equivalent derivative, 
or allelic or species variant thereof 

15. The nucleic add molecule according to claim 14, wherein the antisense nucleic acid 
comprises the antisense nucleic acid sequence corresponding to SEQ ID NO: 1, or a segment 
thereof which if read in the sense direction would encode a functionally equivalent derivative, 
or allelic or species variant thereof, and which is characterized by the ability to bind to Jagged. 

16. The polypeptide encoded by the nucleic acid molecule according to claims 12-15. 

1 7. The polypqjtide encoded by the nucleic acid molecule according to claims 12-15, 
wherein the polypeptide has a binding aflSnity to, and inhibits the activity of Jagged. 

18. An antibody having a binding affinity to Jagged, or a unique portion thereof 

19. A secondary antibody having a binding affinity to anti-Jagged, or a unique portion 

thereof 
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20. A method of decreasing the migration of endothelial cells to a site on a micro- 
diameter blood vessel, comprising delivering the protein of claims 1 or 19 to said site from 
which the endothelial cells have been removed, damaged or substantially reduced. 

5 21 . A method of increasing the migration of endothelial cells to a site on a macro- 

diameter blood vessel, comprising delivering the protein of claims I or 19 to said site from 
which the endothelial cells have been removed, damaged or substantially reduced. 

22. A method of increasing the migration of endothelial cells to a site on a micro- 
10 diameter blood vessel, comprising delivering the protein of claims 16, 17 or 18 to said site from 

which the endothelial cells have been removed, damaged or substantially reduced. 

23. A method of decreasing the migration of endothelial cells to a site on a macro- 
diameter blood vessel, comprising delivering the protein of claims 1 6, 1 7 or 1 8 to said site from 

15 which the endothelial cells have been removed, damaged or substantially reduced. 

24. A method of decreasing the migration of smooth muscle cells to a site on a macro- 
diameter blood vessel, comprising delivering the protein of claims 16, 1 7 or 1 8 to said site from 
which the endothelial cells have been removed, damaged or substantially reduced. 

20 

25. A pharmaceutical composition comprising a therapeutically effective amount of a 
Jagged protein, or frmctionally equivalent derivative, or allelic or species variant thereof; and 
a pharmaceuticaily acceptable carrier. 

25 26. A pharmaceutical composition comprising a therapeutically effective amount of a 

Jagged nucleic acid, or functionally equivalent derivative, or allelic or species variant thereof; 
and a pharmaceuticaily acceptable carrier. 

27. A pharmaceutical composition comprising a therapeutically effective amount of a 
30 Jagged antibody, or functionally equivalent derivative, or allelic or species variant thereof; and 
a pharmaceuticaily acceptable carrier. 
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28. A phannacoiticai composition comprising a therapeutically effective amount of a 
Jagged antisense molecule, or functionally equivalent derivative, or allelic or species variant 
thereof; and a pharmacaitically acceptable carrier. 

29. A pharmaceutical composition comprising a therapeutically eflFective amount of an 
anti-Jagged antibody, or functionally equivalent derivative, or allelic or species variant thereof; 
and a pharmaceutically acceptable carrier. 

30. A method of preventing or treating a disease or condition in a subject comprising 
administering to a subject in need of such prevention or treatment a therapeutically effective 
amount of a molecule which antagonizes, inhibits or prevents the function of the Notch protein. 

3 1 . A method of preventing or treating a disease or condition in a subject comprising 
administering to a subject in need of such prevention or treatment a therapeutically effective 
amount of a molecule which agonizes, enhances or stimulates the function of the Notch protein. 

32. A method of preventing or treating a disease or condition in a subject comprising 
administering to a subject in need of such prevention or treatment a therapeutically effective 
amount of a molecule whidi antagonizes, inhibits or prevents the fiinction of the Jagged protein. 

33. A method of preventing or treating a disease or condition in a subject comprising 
administering to a subject in need of such prevention or treatment a therapeutically effective 
amount of a molecule which agonizes, enhances or stimulates the function of the Notch protein. 

34. A method of inhibiting or preventing angiogenesis in a subject comprising 
administering to a subject in need of such inhibition or prevention a therapeutically effective 
amount of a Jagged or a Jagged agonist. 

35. The method according to claim 34, wherein the angiogenesis being inhibited or 
prevented comprises solid tumor angiogenesis. 
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36. The method according to claim 34, wherein the angiogenesis being inhibited or 
prevented comprises rheumatoid arthritic angiogenesis. 

37. The method according to claim 34, wherein the angiogenesis being inhibited or 
prevented comprises inflammatory angiogenesis. 

38. The method according to claim 34, wherein the angiogenesis being inhibited or 
prevented comprises restenosis of the lumen of a blood vessel. 

39. The method according to daim 38, wherein the restenosis is inhibited or prevented 
by rq}ressing angiogenesis from the vaso vasomm, and by promoting large vessel endothelial 
cell migration to repair the lumen of a large blood vessel. 

40. The method according to claim 34, wherein the Jagged agonists comprise agents 
which promote the repression of Jagged, including fibrin and functional derivatives thereof and 
pharmacologically acceptable chemicals, and y-idiotypic Jagged antibodies. 

41 . The method according to claim 34, wherein the inhibition or prevention 
occurs in vivo or in vitro. 

42. A method of promoting or enhancing angiogenesis in a subject comprising 
administering to a subject in need of such promotion or enhancement a therapeutically effective 
amount of anti- Jagged or a Jagged antagonist. 

43. The method according to claim 42, wherein the angiogenesis being promoted or 
enhanced comprises wound or injury repair angiogenesis. 

44. The method according to claim 43, wherdn the wound or injury being repaired was 
caused by surgery, trauma and/or disease or condition. 
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45. The method according to claim 44, wherein the disease or condition is diabetes- 
related. 

46. The method according to claim 42, wherein the Jagged antagonists comprise 
Jagged antibodies, anti-sense Jagged, Jagged mutants and pharmacologically acceptable 
chemicals. 

47. The method according to claim 42, wherein the promotion or enhancement occurs 
in vivo or in vitro. 

48. A method of affecting cell differentiation of cells comprising the mesoderm, 
endoderm, ectoderm and/or neuroderm. 

49. The method according to claim 48, wherein the cell types affected comprise 
hematopoietic stem cells, epitheUal cells, vascular smooth muscle cells and dendritic cells. 

50. A pharmaceutical composition used in any method of claims 30-48. 
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Figure 2 



Domain Structure of the Notch Ligand Family 
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Figure 4 



Domain Structure of the Notch Receptor Family 
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Figure 5 
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Figure 6 
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Figure 7B 
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